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PREFACE 

The  Navy  has  a  long  and  well  established  history  of  research  and 

development  in  superconducting  materials  and  applications.  It  was  just  after 
World  War  II  that  Naval  Research  Laboratory  (NRL)  and  the  Office  of  Naval 
1  “.search  (ONR)  began  investigating  superconductivity.  ONR  sponsored  two 
conferences  in  1946  to  review  the  status  of  superconductivity  and  low 
temperature  physics.  Ey  1950,  ONR  had  sponsored  seven  conferences  on 
cryogenics,  and  the  ONR  program  became  the  focus  of  much  of  our  nation's 

effort  in  the  field  of  superconductivity  and  low  temperature  physics.  The 
first  volume  of  Ffcitz  London's  famous  book,  reviewing  the  macroscopic  view  of 
superconductivity,  appeared  as  his  fifth  CNR  technical  report.  At  NRL,  the 
word  "cryogenics"  first  appeared  cn  the  organizational  chart  in  1946.  The 
laboratory  acquired  one  of  the  first  Collins  liquifiers  in  1948,  and  began 
experimental  research  on  superconducting  materials  shortly  thereafter. 

In  the  mid  1950' s  and  1960's,  IRL  scientists  discovered  many  new 
superconducting  elements  (W  and  Be)  and  they  were  the  first  to  discover 

superconductivity  in  low-carrier-density  compounds,  reporting 

superconductivity  In  germanium  telluride.  Today's  new  high  Tc  oxides  are  also 
low-carrier-density  materials. 

In  the  1970' s,  the  Navy  began  programs  to  develop  the  use  of 

superconductivity  in  actual  Naval  systems.  Naval  uses  for  superconductivty 
range  from  advanced  propulsion  systems  to  sensitive  detectors  of  magnetic 
fields  generated  by  submarines  or  other  underwater  sources,  from  high  power 
sources  of  radar  to  sensitive  detectors  of  electromagnetic  radiation,  and  from 
high-speed  electronic  processors  to  advanced  communications  systems.  Because 
of  these  vital  interests,  the  Navy  has  provided  strong  support  for  research  on 
superconducting  materials. 

Since  december  1986,  the  Navy  has  been  investigating  and  supporting 
research  on  the  new  high  temperature  superconducting  oxides.  Navy  scientists 
are  planning  the  eventual  use  of  the  new  materials  in  Naval  systems,  but  not 
until  many  materials  problems  are  solved.  As  these  materials  become  more 
tractable,  however,  the  Navy  will  rapidly  foster  the  transition  from  basic 
research  to  the  working  Navy  of  the  future . 

The  collection  of  articles  in  this  report  represent  research  prepared 
and  submitted  for  publication  by  scientists  at  the  Naval  Research  Laboratory 
during  the  six  months  of  activity  since  mid  December  1986.  It  shows  the 
breadth  and  scope  of  the  materials  effort  at  t®L  on  the  new  high  temperature 
superconductors.  We  expect  to  see  many  more  exciting  research  and  development 
results  in  the  near  future. 

These  scientific  endeavors  at  the  Naval  research  Laboratory  could  not 
have  been  done  without  the  support  of  our  management  and  sponsors.  We 
specifically  wish  to  acknowledge  the  sponsorship  of  the  Office  of  Naval 
Research  (ONR),  The  Strategic  Defense  Initiative  Organization,  Office  of 
Innovative  Science  and  Technology  (SDIO/IST) ,  and  the  Defense  Advanced 
Research  Project  Agency  (DARPA) . 

D.U.  Gubser 


THE  ROCKY  ROAD  TO  HIGH  TEMPERATURE  SUPERCONDUCTIVITY 


E.S.  Edelsack*  D.U.  Gubser  and  S.A.  Wolf 

Naval  Research  Laboratory 
Washington,  DC  20375-5000 


The  story  of  high  temperature  superconductivity  has  its  genesis  in 
the  stars,  particularly  in  one  star,  our  sun.  In  the  1860's,  unusual 
spectral  lines  were  observed  from  the  emitted  light  of  the  hot 
incandescent  gases  in  the  chromosphere  of  the  sun.  These  spectral  lines 
appeared  unrelated  to  any  then  known  substance  on  earth.  The  gas  was 
given  the  name  "helium"  deriving  from  the  Greek  word  "helios"  -  sun.  At 
the  turn  of  the  century,  helium  was  discovered  on  earth,  and  in  1908,  the 
Dutch  scientist,  Kamerlingh  Onnes,  succeeded  in  liquifying  helium  gas  at  a 
temperature  a  few  degrees  above  absolute  zero.  This  set  the  stage  for  the 
discovery  of  superconductivity. 

In  1911,  Onnes  observed  that  below  a  temperature  of  4K,  the 
electrical  resistance  of  mercury  completely  vanished. 1  He  called  this  a 
new  state  of  matter  and  called  it  superconductivity.  Immediately  the  race 
was  on  to  discover  new  materials  with  higher  superconducting  transition 
temperatures,  Tc.  Initially  this  meant  surveying  the  elements  and  simple 
alloys  to  determine  their  superconducting  properties.  Intermetallic 
compounds  presented  more  of  a  materials  challenge,  but  work  on  these 
materials  also  began  in  the  1920' s  and  1930' s.  This  work  produced  a  major 
milestone  in  1941  when  Aschermann,  Friederich,  Justi  and  Kramer 2  reported 
superconductivity  in  NbN  with  a  Tc  near  16K.  In  1937,  F.  London  became 
the  first  to  speculate  that  supercurrents  might  exist  in  non-metal 
systems,  namely  --  aromatic  organic  molecules.3  The  first  experimental 
high  Tc  report  was  made  by  R.  Ogg  Jr.  in  1946  when  he  claimed  that  dilute 
alkali  metal-ammonia  solutions  became  superconducting  near  1851^  if  the 
solution  was  rapidly  cooled.  This  result  was  neither  reproducible,  nor 
widely  accepted  by  the  scientific  community. 

During  the  1950' s,  efforts  in  superconductivity  revolved  around  two 
main  themes:  1)  development  of  a  microscopic  theory,  and  2)  development 

of  empirical  rules  to  guide  the  search  for  new  superconducting  materials. 
The  first  theme  included  the  discovery  of  the  exponential  specific  heat 
dependence  (energy  gap  in  the  electronic  spectrum)5 ,  and  the  discovery  of 
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the  isotope  effect6  (importance  of  lattice  vibrations) ,  eventually  leading 
to  the  Bardeen,  Cooper,  Schrieffer7  theory  of  superconductivity  and  its 
subsequent  refinements.  The  second  theme  included  development  of  such 
empirical  rules  as  the  electron  per/atom,  e/a  ratio8,  inverse  correlations 
with  Debye  temperatures9,  direct  correlations  with  the  specific  heat10, 
and  symmetry  preferences  (cubic  symmetry  favored  over  lower  symmetry 
structures)11.  The  search  for  exotic  materials  and  reports  of  very  high 
Tc  materials  were  subliminal  during  this  decade.  A  major  materials 
advance  in  the  1950' s  was  the  discovery  of  superconductivity  in  the  cubic 
Al5  structure  type  materials  by  Hardy  and  Hulm. 12 

The  decade  of  the  1960 's  saw  rapid  advances  in  superconductivity  on 
four  fronts:  1)  applied  superconductivity  was  born  with  the  advent  of  the 
discoveries  of  the  Josephson  effect13  and  high  field,  high  current 
materials14 ;  2)  materials  research  needed  to  augment  these  growing 

technologies  increased  significantly;  3)  the  search  for  higher  Tc 
materials  continued,  led  primarily  by  the  empirical  rules  established  in 
the  1950' s;  and  finally  4)  a  discernable  amount  of,  to  paraphrase  the 
words  of  Alexander  Graham  Bell,  "off  the  beaten  path"  theory  and 
experiment  began  to  emerge  which  would  ultimately  lead  to  the  discovery  of 
truly  high  Tc  superconductivity  in  1986.  15  This  paper  will  briefly 
discuss  the  latter  two  items  concerning  the  search  for  high  Tc  materials. 

Although  the  field  of  superconductivity  was  growing  rapidly  in 
applied  areas  and  in  materials  processing  (films,  wires,  coatings,  etc.), 
the  search  for  new  superconducting  materials  did  not  increase 
concomitantly.  In  fact,  as  the  push  for  rapid  technology  transfer  became 
stronger  and  stronger,  funding  of  scientific  studies  to  search  for  new 
superconducting  materials  began  to  decline.  Materials  research  became  a 
secondary  goal  in  many  programs.  The  remainder  of  this  article  is 
dedicated  to  those  scientists  who  did  not  let  it  die! 

Although  many  scientists  contributed,  one  in  particular  deserves 
special  credit  and  recognition  for  keeping  the  field  of  superconducting 
materials  research  vibrant  and  healthy  for  more  than  3  decades.  His  name 
is  Professor  BerndMatthias .  His  contributions  during  the  1950' s,  1960's, 
1970 's  were  immense.  He  is  missed  today  by  all. 

Materials  Search 
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The  majority  of  researchers  searching  for  high  Tc  superconductors  in 
the  1960's  used  empirical  rules  and  stayed  within  the  standard  classes  of 
metallic  alloys  and  compounds.  Niobium  became  the  favored  element  and  the 
cubic  A15  structure  type  became  the  favored  structure.  Empirical  rules 
such  as  the  e/a  ratio8,  atomic  volume 16  and  atomic  mass  correlations1 7 
etc.,  identified  NbjGe  and  NbjSi  as  candidates  to  raise  Tc  above  20K. 
Neither  of  these  compounds  has  a  stoichiometric  equilibrium  A15  phase, 
which  was  thought  to  be  necessary  to  obtain  the  high  Tc;  thus,  researchers 
began  to  develop  fabrication  methods  to  make  metastable  phases  of  the 
desired  compounds. 

Rapid  cooling  techniques  leading  ultimately  to  film  preparation 
techniques  (sputtering,  thermal  evaporation.  E-beam  evaporation,  etc.) 


were  developed  leading  to  the  discovery  in  1971  of  a  record  high  Tc  of  23K 
in  NbjGe.18  Researchers  next  turned  to  preparation  of  NbjSi  which  was 
expected  to  have  a  Tc  near  30K.  Whereas  Nbj  Ge  had  an  off  stoichiometric 
equilibrium  A15  phase,  NbjSi  had  none.  Therefore,  the  preparation  of 
stoichiometric  A15  NbjSi  was  expected  to  be  more  difficult  than  NbjGe,  but 
also  more  rewarding.  In  addition  to  film  growth  techniques,  high  pressure 
synthesis  techniques  were  used  in  attempts  to  produce  this  material.  A15 
NbjSi  structures  have  subsequently  been  prepared  by  both  techniques  in  the 
1980' s,  but  Tc  has  been  disappointingly  low  (20K).19 

Not  all  research  was  on  A15  structure  materials.  A  significant 
advance  on  the  road  to  high  Tc  materials  occurred  in  1972  when 
superconductivity  was  discovered  in  IbMo6S8--a  ternary  superconductor!20 
The  significance  of  this  discovery  was  that  it  broke  the  hold  of  binary 
superconductors  as  being  the  only  high  Tc  materials.  Most  of  the 
empirical  rules  developed  for  the  binaries  ware  invalid  for  the  ternaries 
and  synthesis  became  much  more  sophisticated.  Chemists  and  material 
scientists  became  heavily  involved  with  the  search  for  new  materials. 

In  the  late  1970's  and  early  1980's,  superconductivity  was  discovered 
in  the  "heavy  Fermion"  systems21  and  in  nearly  magnetic  systems  22  Such 
research  became  fashionable  even  though  these  systems  did  not  nacessarily 
have  high  values.  New  pairing  interactions  were  sought  with  the  hope 
of  eventually  using  the  new  interaction  for  high  Tc  superconductors. 


With  the  advent  of  high  speed  computing,  more  exact  and  more  precise 
calculations  of  Tc  in  superconducting  materials  become  possible. 
Theorists  began  predicting  Tc .  MoN  in  the  cubic  B1  structure  was 
predicted  to  be  a  superconductor  at  30K.23  For  several  years  in  the  mid 
1980’ s  a  significant  amount  of  experimental  research  went  into  attempts  to 
produce  this  compound.  To  date,  this  research  has  been  unsuccessful. 

"Off  the  Beaten  Path  -  Organics" 

There  were  those  who  decided  to  forge  revolutionary  paths  in  the 
quest  for  high  Tc.  Among  the  more  revolutionary  paths  was  that  of  looking 
for  superconductivity  in  organic  materials.  In  1964,  W.  Little  generated 
tremendous  interest  in  organic  and  one  dimensional  superconductivity  when 
he  discussed  specific  molecular  arrangements  which  would  produce 
superconductivity  at  room  temperature.24,28  This  work  generated  much 
excitement,  but  not  much  immediate  success.  Although  chemists  worked  hard 
to  produce  structures  of  the  type  suggested,  and  biological  and  organic 
molecules  of  all  sorts  and  types  were  examined,  all  of  the  early  reports 
of  superconductivity  in  these  materials  proved  to  be  false  (or  at  least 
nonreproduc ible  and  unconfirmed.) 

There  were  many  reports  of  high  temperature  superconductors  in 
organic  materials  in  the  early  1970's.  In  1969,  Ladik  predicted  (based  on 
Little's  theory)  room  temperature  superconductivity  in  DNA  molecules.26 
In  1972,  Wolf  claimed  superconducr ivirv  in  bile  chohitcs  at  temperatures 
near  140K.27  Evidence  tor  superconductivity  was  in  magnet  ii 

susceptibility  aiomalies  which  were  not  seen  in  resistance  in  usuia  n .  -nr  s 
In  197  3,  Heeger  reported  superconducting  1 1  ue  t  uu ;  i  mi:,  it,  IT!  T1  ’ 

molecules  at  temperatures  <ls  high  as  .’  K  28  It  was  claim*  d  tbit  at. 
electronically  driven  structural  transformation  tl'eierl's  it  ibi  1 
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occurred  at  a  temperature  slightly  higher  than  the  superconducting  Tc ; 
hence,  bulk  superconductivity  was  not  observed.  Also  in  1971,  Cope 
reported  on  superconductivity  in  certain  biological  systems  at 
temperatures  as  high  as  30C.29  Evidence  for  this  was  the  exponential 
nature  of  the  nerve -muscle  response  as  well  as  the  exponential  growth 
statistics  for  E.  coli.  These  reponses  were  claimed  to  arise  from  the 
exponential  rise  of  Josephson  currents  vhich  followed  an  energy  gap 
dependence.  In  1973,  dilute  alkali  solutions  of  ammonia  were  resurrected 
with  a  Russian  report  of  superconductivity  at  180K.30  This  system  is,  in 
certain  situations,  a  very  good  conductor  and  at  times  appeared  to  exhibit 
superconductivity.  It  was  unstable,  and  although  several  groups  tried  to 
reproduce  superconductivity,  no  confirmation  was  forthcoming. 

As  reports  of  very  high  1^.  in  organic  materials  began  to  fade, 
significant  advances  began  to  occur.  In  1975,  superconductivity  was 
discovered  in  a  polymeric  material  SNX.  31  Although  Tc  was  low  (<1K) ,  the 
discovery  did  show  that  superconductivity  need  not  be  limited  to  the 
conventional  alloy  systems. 

Organic  superconductivity  was  finally  discovered  in  TMTSF-PF6  by 
Jerome  in  1980. 32  As  with  SNX,  the  Tc  was  low,  but  unlike  SNX  new  organic 
superconductors  were  rapidly  discovered  and  Tc  began  to  rise.  Research  in 
this  field  involves  significant  efforts  in  organic  synthetic  chemistry 
coupled  to  careful  physical  measurements.  Many  new  phenomena  have  been 
seen  in  these  organic  materials  in  addition  to  superconductivity.  At 
present  the  maximum  Tc  (under  pressure)  is  8K  in  /3- (BEDT-TTF)2I3  . 33  There 
is  some  evidence  that  the  mechanism  for  superconductivity  in  the  organic 
materials  is  not  the  electron- phonon  interaction  and  there  are  also 
speculations  that  "p"  wave  pairing  interactions  are  occurring. 

"Off  The  Beaten  Path  -  Layered  Compounds" 


Later  in  1964  (the  year  that  Little  revived  interest  in  organic 
materials),  V.L.  Ginzburg  discussed  a  new  mechanism  and  a  new  structure 
for  producing  high  temperature  superconductivity34  -  namely,  the  excitonic 
mechanism  in  layered,  or  two  dimensional  structures.  Several  refinements 
and  variations  including  the  possibility  of  excitations  between  two 
overlapping  bands,  a  three  dimensional  mechanism  proposed  by  Geilikman,35 
occurred  during  the  next  nine  years,  culminating  in  the  Allender.  Bray, 
Bardeen36  theory  of  excitonic  superconductivity  in  1973.  No  definitive 
confirmation  of  the  mechanism  has  been  reported  and  until  recently,  there 
were  no  high  Tc  reports  in  layered  structures.  Other  theories  were 
proposed  in  this  period  including  various  plasmon  coupling  mechanisms.37 
No  experimental  demonstration  of  these  models  has  yet  been  confirmed. 

In  1980,  superconductivity  was  reported  in  the  eutectic  Ir-Y  at  3K.38 
Since  neither  Y  or  Ir  have  Tc's  above  IK,  and  only  these  elementary  phases 
were  seen  in  the  eutectic,  superconductivity  was  suggested  to  be  a  result 
of  the  layered  nature  of  the  eutectic.  This  result  spurred  interest  in 
multilayered  metallic  systems  with  the  hope  of  reproducing  and  improving 
on  what  nature  had  supplied  in  the  eutectics  materials.  To  date  no 
similar  enhancements  of  superconductivity  have  been  reported. 

In  1983,  Japanese  scientists  reported  superconductivity  at 
temperatures  as  high  as  200K  in  a  Nb  layer  grown  on  Si.39  This  result  has 
not  gained  wide  acceptance  by  the  scientific  community 


Off  the  Beaten  Path  -  Oxides  and  Hole  Carriers 


The  last  "off  the  beaten  path”  that  we  wish  to  trace  is  the  path 
which  ultimately  led  to  the  recent  breakthrough  in  high  temperature 
superconductivity  -  namely,  the  oxides  and  low  carrier  density  materials. 
This  story  begins  in  1964  with  the  publication  by  M.  Cohen  predicting 
superconductivity  in  semiconducting  type  materials.40  The  experimental 
search  for  superconductivity  culminated  in  1964  when  R.  Hein  reported 
superconductivity  is  p-type  GeTe.41  Shortly  thereafter,  superconductivity 
was  discovered  i.n  SrTiO^  -  the  first  oxide  superconductor  and  the  first 
perovskite  superconducting  material.42  Although  Tc  of  these  materials 
were  below  IK,  history  must  regard  these  reports  as  major  milestones  in 
the  road  to  high  temperature  superconductivity  since  they  started  the 
interest  in  these  types  of  materials,  which  persisted  on  a  limited  basis 
until  the  recent  discoveries  of  superconductivity  as  in  LaBaCuO15  and 
YBaCuO.43 

The  next  major  milestone  in  this  direct  route  to  high  Tc  occurred  in 
1973  when  Johnston  discovered  superconductivity  in  LiTiOj  at  temperatures 
as  high  as  13K,44  thus  removing  the  belief  that  superconductivity  in  the 
oxide  materials  was  limited  to  very  low  temperatures.  In  1975, 
superconductivity  was  discovered  in  PbBiBaOj  at  14K  to  represent  another 
member  to  the  growing  class  of  higher  temperature  oxides.45  PbBiBaOj  had 
interesting  properties  which  made  it  potentially  useful  as  sensors  of 
electromagnetic  radiation;  hence,  research  on  this  material  persisted  over 
the  next  eleven  years  even  though  Tc  was  not  raised.  It  was  scientists 
working  on  these  materials  vho  first  recognized  the  significance  of  the 
high  temperature  oxide  discoveries  and  who  so  rapidly  assumed  leadership 
in  the  early  discoveries.  But  we  got  ahead  of  ourselves,  for  the  road  to 
success  was  not  so  direct  or  easy.  First  came  a  few  false,  or  at  least 
unconfirmed  and  nonreproducible  results. 

In  1975,  hints  of  superconductivity  was  found  in  CuCl  under  high 
pressures.46  In  1978,  the  superconductivity  world  was  rocked  by  a  Russian 
report  of  superconductivity  in  CuCl  at  temperatures  near  140K.47  This 
report  in  fact  marked  the  beginning  of  the  New  York  Times  becoming  the 
premiere  journal  for  reporting  high  temperature  superconductivity 
discoveries.  In  the  May  9th,  1978  issue  of  the  New  York  Times,  we  find 
reports  by  B.  Matthias  "this  is  a  completely  false  result  and  probably 
deliberately  meant  to  deceive",  while  in  the  same  article  we  find  C.W.  Chu 
suggesting  that  "there  may  indeed  be  some  truth  to  such  high  temperature 
superconductivity  reports"  and  that  it  deserved  a  further  look.  Thus, 
twelve  years  before  the  discoveries  in  LaBaCuO  some  of  the  main  actors  in 
the  eventual  explosive  discovery  were  already  searching  "off  the  beaten 
path" . 

Work  on  CuCl  persisted  for  years,  polarizing  many  scientists  into 
believers,  and  nonbelievers.  In  fact,  there  is  still  interest  in  CuCl 
even  though  the  results  are  nonreproducible,  thermal  history  dependent, 
and  subject  to  a  variety  of  interpretations. 

By  1980,  interest  in  the  low  carrier  materials  gained  new  impetus 
with  the  report  of  superconductivity  in  pressure  quenched  CdS  at 
temperatures  as  high  as  150K.48  Like  the  work  on  CuCl,  the  experimental 


data  were  highly  nonreproducible ,  and  subject  to  different  interpretation. 
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In  1980,  TiBei  6  was  reported  to  be  superconducting  at  22C.49  This 
result  received  little  scientific  interest  as,  once  again,  it  was 
nonreproducible  and  subject  to  reinterpretation  in  terms  of 
nonsuperconducting  phenomena. 


These  early  reports  of  high  temperature  superconductivity  are  an 
interesting  part  of  the  story  of  high  temperature  superconductivity.  They 
set  the  stage  for  the  discovery  which  was  to  come  in  1986.  The  early 
results  and  their  lack  of  confirmation  had  led  many  scientists  to  treat 
such  reports  as  coming  from  scientists  who  were  more  interested  in  gaining 
fame  than  in  doing  creditable  scientific  research.  It  is  noteworthy  that 
Bednorz  and  Mueller1^  waited  many  months  to  publish  their  original 
discovery,  due  primarily  to  this  climate  of  distrust  for  such  reports.  It 
is  a  credit  to  them  and  to  those  who  immediately  recognized  the  importance 
of  their  announcement  that  we  now  have  advanced  so  far  in  our 
understanding  of  the  materials. 


Where  will  the  search  for  high  temperature  superconductivity  lead  us 
next;  new  materials,  new  technology,  new  scientific  insights?  Yes, 
probably  all  of  these.  But  perhaps  more  important  is  the  realization  that 
the  scientific  world  needs  to  renew  its  committment  and  provide  proper 
recognition  and  support  for  those  scientists  who  are  not  afraid  to 
occasionally  stray  from  the  beaten  path  and  delve  into  the  forest.  The 
woods  are  full  of  delicious  fruit.  Let  us  not  be  afraid  to  look  for  them. 
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Superconducting  phase  transitions  in  the  La-M-Cu-0  layered  perovskite  system, 

.A/ “La,  Ba,  Sr,  and  Pb 


D.  U.  Gubser,  R.  A.  Hein,*  S.  H.  Lawrence,  M.  S.  Osofsky,  D.  J.  Schrodt,  L.  E.  Toth/  and  S.  A.  Wolf 
Naval  Research  Laboratory,  Washington,  D.C.  2037 S -5000 
(Received  5  February  1987) 

We  report  results  of  our  studies  of  the  La-iV-Cu-0  system,  AT -La,  Ba,  Sr,  and  Pb.  T,  and  the 
magnetic  moment  are  correlated  with  annealing  schedules  and  x-ray  structural  analyses.  The  oc¬ 
currence  of  superconductivity  is  associated  with  the  formation  of  Cu3+  ions  producing  an  expan¬ 
sion  of  the  c  parameter  of  the  unit  cell.  We  have  found  magnetic  and  resistive  anomalies  near  65 
K  in  some  La-Ba-Cu-0  samples.  These  samples  show  a  slight  depression  of  the  superconducting 
transition  temperature. 


Observation  of  superconductivity  in  the  La-Ba-Cu-O 
system 1  at  temperatures  over  30  K  has  sparked  worldwide 
enthusiasm  and  research  on  this  new  class  of  high- 
temperature  superconductors.  High-temperature  super¬ 
conductivity  ( Tc  >  10  K.)  had  been  reported  in  only  two 
other  oxide  systems,  the  Li-Ti-O  system  possessing  a  cubic 
spinel  structure,2  and  the  Ba-Pb-Bi-O  system  possessing 
the  perovskite  structure,3  with  maximum  transition  tem¬ 
peratures  of  13.7  and  13  K,  respectively.  The  new  La-Ba- 
Cu-0  oxide  system,  with  T, s  reported  above  40  K,*-7 
possesses  a  layered  perovskite  K2NiF«-type  crystal  struc¬ 
ture  and  is  metallic  at  room  temperature.  The  earliest 
data  on  the  La-Cu-O  layered  perovskite  system  date  to  the 
early  ^bO's.*'9  In  1973,  Goodenough,  Demazeau, 
Pouchard,  and  Hagenmuller  reported  on  an  oxygen  defect 
phase  in  the  La-Sr-Cu-O  system  where  the  Cu  ion  assumes 
a  +3  valency. 10  In  1979  Shaplygin,  Kakhan,  and  La¬ 
zarev"  reported  metallic  conductivities  in  the  compounds 
Laj-jA/jCuO*  with  M  — Ca,  Sr,  Ba,  and  Pb.  The  initial 
report  of  superconductivity  in  the  M—  Ba  compound  has 
been  confirmed  by  several  groups 4-7  and  superconductivity 
has  subsequently  been  observed  in  the  M  “Sr  (Refs.  12 
and  13)  and  Af— Ca  (Ref.  13)  compounds.  Both  zero 
resistance  and  partial  flux  expulsion  (Meissner  effect) 
have  been  observed  in  these  samples  giving  evidence  that 
the  compounds  are  bulk  superconductors. 

The  La-Af-Cu-O  compounds  are  prepared  either  by 
coprecipitation  from  aqueous  solutions  of  La,  Cu,  and  M 
nitrates  or  by  reacting  powdered  mixtures  of  oxides  and 
carbonates  of  La,  Cu,  and  M.  Various  reaction  tempera¬ 
tures  and  reaction  times  have  been  reported  as  well  as  vari¬ 
ous  post-reaction  annealing  schedules  which  improve  the 
superconducting  properties. 

Our  materials  were  prepared  from  reagent-grade 
powders  of  LajOj,  BaCC>3,  SrCOj,  CaCOj,  PbO;,  and 
CuO.  These  powders  were  mixed  in  appropriate  ratios  to 
form  the  desired  compounds  and  calcined  in  air  at  temper¬ 
atures  between  1000°Cand  1 100°C  for  approximately  12 
h.  The  materials  were  then  reground  into  powder,  pressed 
into  small  disks  (nominally  I-cm  diameter  by  2-mm 
height)  and  sintered  in  air  at  temperatures  between 
IOOO°C  to  1I00°C  for  12  h.  The  calcined  powders  and 
the  sintered  pellets  were  x-rayed  following  each  process  to 


ensure  the  KjNiF*  phase  was  present.  In  one  case  the  La- 
Ba-Cu-0  powder  was  calcined  a  second  time  before  press¬ 
ing  and  sintering.  This  recalcining  did  improve  the 
structural  quality  of  the  compound,  as  evidenced  by  the 
sharpness  of  the  x-ray  lines,  but  slightly  lowered  the  onset 
of  the  superconducting  transition  and  produced  magnetic 
and  electrical  anomalies  near  65  K  (discussed  later).  Cal¬ 
cining  and/or  sintering  in  a  pure  oxygen  atmosphere  at 
1100°C  produced  substantial  phases  other  than  the 
KjNiFx  phase  which  were  not  superconducting. 

The  La-Ba-Cu-0  compounds  were  prepared  in  three 
compositions,  Laj-^Ba^CuO*  where  x  —0.1,  0.2,  and  0.3. 
The  resistive  transitions  were  measured  on  the  sintered 
pellets  by  attaching  four  leads  with  indium  solder.  The 
resistivity  of  the  pellets  was  relatively  high  (  —  10000 
pOcm),  which  we  assume  is  due  to  the  granular  nature  of 
the  loosely  compacted  and  sintered  pellet  rather  than  the 
intrinsic  resistivity  of  the  material  itself.  Similarly,  the 
transition  is  broadened  and  the  critical  current  (—5.0 
A/cm2)  is  low  because  of  the  granularity.  Figure  l  shows 
the  resistive  and  magnetic  transition  for  the  x  —0.1  sample 
which  had  the  sharpest  transition  and  the  highest  onset 


FIG  I  Resistance  and  magnetic  moment  plotted  vs  tempera 
Hire  of  La.  ,Bao  iCuO,  The  onset  temperature  for  superconduc¬ 
tivity  m  the  resistive  transition  is  40  K  Magnetic  moment  was 
measured  cooling  ,n  100  Oc  and  represents  about  I0*T  flux  ex¬ 
clusion 
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temperature.  The  onset  temperature  7#  was  40  K  and  the 
R  “ 0  point  was  24  K.  The  magnetic  moment  was  mea¬ 
sured  cooling  in  a  100-G  ambient  field  and  was  still  chang¬ 
ing  at  10  K  (the  lowest  temperature  measured),  but  at  this 
point  it  represented  about  a  10%  flux  exclusion  (subse¬ 
quent  Sr  samples  showed  over  50%  exclusion).  To,  deter¬ 
mined  magnetically,  of  this  sintered  material  is  about  28 
K. 

An  interesting  anomaly  in  the  resistive  and  magnetic 
transition  appears  around  65  K  in  some  of  our  samples. 
Figure  2  shows  the  magnetic  moment  of  two 
L*i  »Bao.|Cu04  samples,  one  of  which  had  been  reacted 
only  once  at  1 100°C  for  12  h  (a),  while  the  other  had  been 
reacted  a  second  time  also  at  1 100°C  for  12  h  (b).  X-ray 
spectra  of  these  samples  are  shown  in  Fig.  3.  The  twice- 
reacted  sample  (similar  thermal  history  as  the  sintered 
samples),  which  shows  the  anomaly,  has  slightly  sharper 
x-ray  lines  indicating  a  more  homogeneous  composition, 
and  the  c  parameter  is  smaller.  It  also  has  a  slightly 
depressed  To  (28  vs  32  K). 

The  anomaly  at  high  temperature  in  the  twice-reacted 
Lai  yBao.iCuO*  may  be  associated  with  an  electronically 
driven  distortion  of  the  lattice  similar  to  a  charge-density- 
wave  (CDW)  transition.  Such  transitions  remove  carriers 
from  the  conduction  process  and  are  usually  detrimental  to 
superconductivity.14  Similarly,  the  CDW  structural  dis¬ 
tortion  is  removed  by  crystalline  defects  of  various  types15 
and  may  explain  the  absence  of  an  anomaly  in  the  slightly 
less  homogeneous  once-reacted  samples.  The  tendency  for 
a  structural  instability  is  often  correlated  with  low- 
frequency  phonon  modes  that  are  important  for  high  Tc. 
The  anomalies  observed  in  our  samples  also  suggest  that 
such  low-frequency  modes  may  be  present  and  may  be  re¬ 
sponsible  for  the  very  high  Tc  in  these  materials. 16 

Magnetic  transitions  for  LanSrojCuO*  and 
Lai  7Cao  jCuO«  samples  are  shown  in  Fig.  4.  To,  deter¬ 
mined  magnetically,  for  these  samples  are  36  and  24  K,  re¬ 
spectively.  Samples  having  the  composition  Ba,  x  —0. 1 
and  0.2;  Sr,  x  ”0.1  and  0.2;  and  Ca,  x  ”0.3,  showed  x-ray 
spectra  characteristic  of  nearly  single  phase  KjNiF«  struc- 
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FIG.  3.  The  x-ray  powder  diffraction  pattern  for  the  twice- 
calcined  sample  of  LauBaojCuO*.  The  pattern  shows  a  single- 
phase  KjNiF«  structure.  The  inset  compares  a  portion  of  this 
pattern  [(b)  upper  trace]  with  the  same  region  of  the  x-ray  pat¬ 
tern  for  the  (a)  singly  calcined  sample.  Note  that  the  singly  cal¬ 
cined  sample  has  broader  lines  at  a  slightly  smaller  29  (indicat¬ 
ing  a  larger  lattice  parameter). 


ture  and  had  higher  and  sharper  transitions  than  other 
compositions. 

Three  compositions  of  La2-iPbiCuO<  with  x  ”0.1, 0.2, 
and  0.3  were  also  made.  These  samples  were  processed  in 
a  similar  manner  as  were  the  Sr,  Ba,  and  Ca  samples.  The 
Pb,  x“0.1  sample  had  an  x-ray  spectrum  with  nearly 
single-phase  K2NiF«  structure.  In  the  lowest  resistivity  of 
the  three  compositions,  however,  the  sample  showed  no 
sign  of  superconductivity  and  had  activated  conductivity. 
Various  subsequent  annealing  procedures  were  attempted 
to  improve  the  conductivity  of  this  sample.  An  inert  gas 
anneal  at  750  K  fc  12  h  produced  the  lowest  resistivity  of 
about  30000  ncm,  but  again  there  was  no  sign  of  super¬ 
conductivity. 

Superconductivity  in  this  new  class  of  high  Tc  com¬ 
pounds  appears  to  be  intimately  connected  with  the 
valence  of  the  Cu5+  ion.12  In  La2Cu04  the  copper  is  in 
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FIG  2  Thu  figure  shows  the  (a)  once-reacted  and  (b)  twice- 
reacted  samples  of  Lai*8aoiCuO«  plotted  vs  temperature  The 
anomaly  in  the  twice-reacted  sample  near  60  K  is  clearly  visible 
as  is  the  reduction  in  the  onset  temperature  for  superconductivi¬ 
ty 
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FIG  4  The  magnetic  moment  of  LanSroiCuO,  and 
Lai  -CaoiCuO.  plotted  vs  temperature  The  magnetic  moment 
for  the  sample  at  10  K  represents  almost  60**  flux  expulsion 
UOO-Oe  ambient  field) 
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TABLE  I.  Sample  parameters. 


Material 

a 

(A) 

(A) 

c/a 

To 

(K) 

Lai.iCaojCuO* 

3.790 

13.159 

3.47 

22.5 

Lai.7CaajCu04 

3.782 

13.162 

3.48 

25 

L*i.fBao.iCu04 

3.786 

13.238 

3.49 

30* 

L*i.*Ba<iiCu04 

3.787 

13.256 

3.50 

33* 

Lai.iB<MjjCu04 

3.801 

13.301 

3.50 

31 

Lai.gSraiCuO* 

3.771 

13.233 

3.51 

36.5 

Lai  iSra2Cu04 

3.777 

13.261 

3.51 

37 

Lai.rSrasCuOa 

3.798 

13.111 

3.45 

<  4 

Lai.$PbaiCuO< 

3.801 

13.191 

3.47 

Lai.tPbojCuOi 

3.772 

13.120 

3.48 

LauPbojCuO* 

3.791 

13.158 

3.47 

‘To  measured  by  dc  susceptibility. 


the  +2  valence  state.  The  addition  of  Ba,  Sr,  Ca,  and  Pb 
either  forces  some  of  the  Cu  ions  into  the  +3  valence  state, 
creating  a  mixed  valence  compound,  or  produced  oxygen 
vacancies. 1718  The  preservation  of  Cu3+  by  minimizing 
the  oxygen  vacancy  formation  with  suitable  processing 
procedures  is  essential  to  superconductivity.  The  extra 
electrons  from  Cu  provide  carriers  which  make  the  materi¬ 
al  highly  conductive  and  superconductive  in  some  cases. 
The  relative  amounts  of  Cu3+  ions  can  be  inferred  from 
the  x-ray  structural  analysis.  Cu3+  produces  an  expansion 
of  the  c  parameter  relative  to  the  a  parameter  if  the  oxy¬ 
gen  content  remains  constant. 17  Table  I  lists  the  a  and  c 
parameters  for  the  compounds  shown  as  well  as  the  To 
values  of  the  samples.  The  correlation  of  superconductivi¬ 
ty  with  the  size  of  the  c/a  ratio  is  clearly  evident. 

Reacting  or  annealing  the  compounds  in  oxygen  can  be 
either  detrimental  or  beneficial  depending  on  the  presence 
of  second-phase  higher  oxides.  If  second-phase  higher  ox¬ 
ides  are  present,  then  annealing  in  oxygen  at  high  temper¬ 
atures  will  promote  the  growth  of  this  phase  at  the  expense 
of  the  LaMjCuO*  oxide.  An  associated  reduction  of  the  c 
parameter  in  the  K2NiF<  structure  is  observed.  In  this  sit¬ 
uation,  annealing  in  a  reducing  atmosphere  rather  than  an 
oxidizing  one  promotes  the  growth  of  LaAf,Cu04  oxide 


and  enhances  the  superconducting  properties.  If,  on  the 
other  hand,  one  has  a  single  phase  K2NiF«  structure  or  a 
second  phase  of  lower  oxides,  then  a  low-temperature  oxy¬ 
gen  anneal  which  does  not  nucleate  a  higher  oxide  second 
phase  will  promote  the  formation  of  more  Cu3+  by  ensur¬ 
ing  that  more  oxygen  vacancies  are  filled.  Thus  we  see 
that  annealing  schedules  and  procedures  may  vary 
significantly  depending  on  the  exact  chemistry  of  the  com¬ 
pound. 

In  summary,  we  have  prepared  La2-,WiCu04  super¬ 
conducting  compounds  with  A/,—Ba,  Sr,  and  Ca.  With 
M  “Pb,  the  compound  of  the  same  structure  is  not  super¬ 
conducting.  The  reason  for  this  change  in  behavior  is  un¬ 
clear  but  is  most  likely  associated  with  the  ability  of  Pb  to 
promote  CuJ+  ions  versus  oxygen  vacancies.  Correlation 
of  the  presence  of  Cu7+  ions  with  the  c/a  ratio  has  been 
demonstrated,  and  a  reason  for  the  variety  of  apparently 
conflicting  annealing  procedures  has  been  suggested. 
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Abstract 

Simultaneous  x-ray  diffraction  and  four-probe  electrical  resistance 
measurements  have  been  performed  as  a  function  of  temperature  on  a  poly¬ 
crystalline  sample  of  the  high-T  material  La  Ba  CuO  .  Comparisons 

C  i  •  w  v  •  1  4 

of  the  diffraction  spectra  between  290  and  18  K  show  no  evidence  of  any  gross 
structural  distortions.  Least-squares  refinements  of  the  tetragonal  unit 
cell  parameters  at  several  temperatures  indicate  smooth  monotonic  thermal 
expansions  of  about  0  10±0.05%  along  the  a-axis  and  about  0.35±0.10%  along 
the  c-axis  over  this  temperature  range. 
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Introduction 

It  has  recently  been  reported^  ^  end  confirned^^  that  supercon¬ 
ductivity  occurs  in  La-Ba-Cu -oxides  at  teaperatures  (Tc>  in  excess  of  30  R 
Subsequent  structural  studies ^  have  Identified  the  superconducting  phase 
as  being  (LaBaJ^CuO^^,  crystallizing  in  the  tetragonal  R^ltiP^-type  structure. 
More  recently,  a  Magnetic  and  resistive  anoaaly  was  reported  in  La  Ba  CuO. 

1  *  *•  V  e  I  4 

near  65  R,  veil  above  T  .  We  have  perforned  a  series  of  x-ray  diffraction 

c 

aeasureaents  as  a  function  of  tenperature  to  investigate  whether  this  anoaaly 
is  associated  with  a  structural  distortion  and  to  obtain  structural  infor- 
aation  on  this  material  at  low  teaperatures. 


Experimental  Procedures 


The  test  specimen  was  prepared  by  nixing  appropriate  proportions  of 
reagent  grade  powders  of  La  0  ,  BaCO.  and  CuO  to  yield  a  product  of  nominal 

m  <9  J 

composition  La  Ba  CuO..  The  mixture  was  calcined  twice  in  air  at  1000- 
1.90.14 

1100*  C  for  approximately  12  hours  and  pressed  into  a  cylindrical  pellet - 

The  pellet  was  mounted  with  thermally  conducting  grease  on  the  cold 
stage  of  a  Heli-tran  cryogenic  refrigerator.  This  refrigerator  system  is 
coupled  to  a  computer  controlled  x-ray  diffractometer  in  a  manner  similar  to 


that  previously  described. 


A  calibrated  Si-diode  thermometer  is  also 


bonded  to  the  low- temperature  block  and  coarse  tenperature  control  is 
achieved  by  regulating  the  flow  rate  of  He  fluid  from  a  remote  storage 
dewar ■  Pine  control  is  accomplished  with  an  electrical  heater  and  feedback 
control  circuit  using  either  a  Pt  or  Ge  sensor,  depending  on  the  temperature 
range.  The  measured  temperatures  are  estimated  to  be  accurate  and  stable  to 
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within  4-0.5  K. 


Four  leads  were  bonded  to  the  sanple  with  In-solder  and  the  electrical 
resistance  was  continuously  monitored.  A  typical  resistance  curve  is  shown 
in  Fig.  1.  Although  the  resistive  anomaly  reported  in  Ref.  4  was  not  observ¬ 
ed,  possibly  due  to  aging  effects,  a  local  minimum  in  the  resistance  near  70 
K  was  observed  to  precede  the  onset  of  superconductivity  which  occurs  at 
about  38  K.  The  superconducting  transition  is  complete  at  29  K. 

Concurrent  with  the  resistance  measurements  the  sample  was  illuminated 
with  radiation  from  a  Cu  x-ray  tube  operated  at  30  kv  and  20  ma.  A  9  urn  thick 
Ni  foil  was  placed  in  the  Incident  beam  to  attenuate  the  Cu-K-beta  radiation. 

Results  and  Discussion 

Diffraction  spectra  recorded  at  297.5  and  24.0  K  are  shown  in  Fig. 
2.  All  but  four  of  the  diffraction  peaks  can  be  indexed  on  the  basis  of 
the  tetragonal  K2NiP^-type  structure.  These  four  peaks,  identified  as 
A  through  D  in  Fig.  2,  are  believed  to  be  associated  with  a  small  component 
of  the  orthorhombic  phase,  a  distortion  of  the  K2NiF^-structure . ^ .  present 
in  the  sample 

Based  on  least-squares  analyses  of  the  measured  Bragg  angles  of 
15  diffraction  peaks  between  40*  and  80*,  the  (a , c 1 -tetragonal  unit  cell 
parameters  are  found  to  be  (3.7873+0.0012  A ; 1 3 . 235+0 . 01 9  A]  at  297.5  K 
and  (3-7820+0.0025  A ; 1 3 . 1 68+0 . 037  A]  at  24.0  K.  To  provide  an  estimate 
of  the  linear  thermal  expansivities  and  possibly  detect  anomalous  behavior 
in  the  vicinity  of  the  electrical/magnetic  anomalies,  measurements  of 
five  diffraction  peaks,  the  (2,1,7),  (2,0,8),  (3,0,3),  (3,1,0)  and  (1,1,10) 
were  performed  at  several  different  temperatures.  The  temperature  dependence 
of  the  fractional  change  in  the  unit  cell  parameters  derived  from  the  data 
are  plotted  in  Fig.  3.  There  is  an  overall  expansion  of  about  0.10+0.05% 


and  0.35+0.10%  in  the  a  and  c  axes,  respectively.  To  within  the  uncertainty 
of  the  measurements ,  there  is  no  indication  of  any  unusual  behavior  in 
these  linear  expansivities . 

Most  recently,  neutron  powder  diffraction  measurements  have  been 

reported  on  La  Ba.  ,_CuO.  at  295  and  10  K.^  The  observations  reported 
*  •  85  0  •  1  5  4 

here  are  in  agreement  with  the  results  of  the  neutron  measurements .  In 

summary,  the  results  of  these  experiments  do  not  indicate  any  gross  low 

temperature  lattice  distortions  in  La  8a  CuO  over  the  temperature 

1.90.1  4 

range  from  18  to  300  K.  It  should  be  noted  that  this  does  not  rule  out 
the  possibility  of  a  charge  density  wave  transition  or  other  less  demonstra¬ 
tive  effect  occuring  in  these  materials.  Single  crystal  samples  would  be 
helpful  in  searching  for  these  possibilities. 
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Figure  Caption* 


Fig.  1:  Temperature  dependence  of  the  electrical  resist?  e  exhibit¬ 
ing  a  local  minimum  near  70  X. 

Fig.  2:  X-ray  diffraction  spectra  as  recorded  at  297.5  K  (upper  curve) 
and  24.0  K  (lower  curve). 

Fig.  3:  Fractional  chr-'ie  in  the  tetragonal  a  and  c  lattice  para¬ 

meters  on  increasing  temperature  from  18  K. 
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X-Ray  Identification  of  tha  Superconducting  High  Tc  Phase 
in  the  Y-Ba-Cu-0  System 

S.B.  Qadrl,  L.B.  Toth?  N.  Osofsky,  S.  Lavrence,  D.U.  Gubser  and  S.A.  Volf 

Naval  Reaaarch  Laboratory 
Washington,  DC  20375-5000 

Abstract 

The  phase  responsible  for  superconductivity  above  90  X  in  the  Y-Ba-Cu-0 
system  has  been  tentatively  identified  as  the  Laj  .xBa3+xCu601 4+y  type 
structure  through  a  'combination  of  x-ray  diffraction  and  superconducting 
transport  measurements . 
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Recently  »i  ec  el.1  have  reported  a  remarkably  high  super conducting 
cranalclon  temperature ,  Tc,  abova  90  K  in  cha  Y-Ea-Cu-0  ayacaa.  Tha  nominal 
coapoaldon  of  this  high  aacarlal  waa  Y|  2  Be  jCuOt  .y .  An  analysis  of  tha 
samples'  x-ray  diffraction  ylaldad  at  laaat  thraa  phaaaa.  Tha  auparconductlng 
phaaa  was  unidentified.  Subaaquantly  Taraacon  at  ml.2  ra ported  tha  onaat  of 
suparconductlvlty  above  90  K  in  tha  saaa  ayataa  taut  with  a  distinctly  richer 
yttrium  conpoaltion,  Yj  73 Ba  25Cu04 .y.  These  samples  also  contained  three  or 
more  phases.  Two  of  these  phases  were  identified  froa  tha  x-ray  diffraction 
spectra  as  Y2  and  Y20u20j.  Tha  saaples  which  they  reported  as 
superconducting  had  a  unique  set  of  relatively  weak  diffraction  peaks  at  29  - 
32.60* ,  32.89* ,  35.62*  and  48.79*.  Tarascon  at  ml.  neither  Identified  the 
phase  responsible  for  these  reflections  nor  did  they  unambiguously  associate 
thea  with  the  superconductivity  of  their  saaples. 

The  purpose  of  this  coonunicatlon  la  to  show  (1)  that  superconducting  high 
Tc  samples  with  the  nominal  composition  Y,  2Ba  8Cu04_y  also  contain  these 
characteristic  x-ray  peoks,  (2)  samples  of  the  identical  compositions 
processed  differently  do  not  contain  these  reflections  and  are  not 
superconducting  aid  (3)  to  tentatively  Identify  the  lines  as  belonging  to  a 
Perovsklte  related  double  layered  structure  Y3 ,xBa3+xCu401 4+y 

Samples  with  nominal  compositions  Y  4Ba  27Cu  33Ox  (Vu's  composition), 
Y  4  Ba  2  Cu  4  Ox ,  Y  3Ba  2Cu  30x,  Y  3  Ba  3Cu.4Ox,  Y  3Ba  4Cu  30x,  and  others  In  the 
Y-Ba-Cu-0  paeudotemary  system  were  prepared  froa  high  purity  powders  of  Y^  , 
BaC03  ,  and  CUO.  These  powders  vmrm  mixed  and  calcined  at  900-1000*C  for  1 
hour,  with  an  intermediate  mixing,  and  then  pressed  Into  4  inch  diameter 
pellets  and  sintered  for  15-24  hours  at  900-1000*C  In  air  or  oxygen.  Several 
samples  with  the  Y  4Ba  27Cu  33Ox  composition  were  sintered  in  an  atmosphere  of 
10'5  Bar  of  oxygen  pressure  (a  reducing  atmosphere) 
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Resistance  and  susceptibility  measurements  show  that  the  onset  of 
superconductivity  in  the  oxygon  « into rod  samples  with  tho  noalnol  (composition 
Y1  .4**1  .*Cul°x  la  %  K  with  transition  widths  -4K  (aoo  Fig.  1).  In  contraat 
pollot*  of  tho  eolelnod  powdors  slntorod  In  tho  roduclng  atmosphere  woro  not 
conducting  or  oupor conducting. 

X-ray  diffraction  pottom*  of  tho  two  aoaploo  aontionod  In  tho  procodlng 
paragraph  woro  quito  aiailar,  tho  algnificant  dlfforonco  la  that  tho  air  fired 
saapla  containod  atrong  oxtra  linoa  at  2#  -  32.575*  and  32.875*  whoroaa  the 
reduced,  non- superconducting  saaplos  did  not.  Significantly,  both  reflections 
belong  to  the  sot  of  unidentified  lines  reported  by  Tarascon  at  al.  for  their 
superconducting  saaplos.  Because  these  lines  are  not  present  in  the 
non- superconducting  saapla  wo  speculated  that  tho  extra  lines  are  associated 
with  the  high  Te  phase.  Saaples  richer  in  both  copper  and  barlua  contained 
more  of  this  unidentified  phase  and  were  also  superconducting  with  onsets 
between  70  and  105  K. 

Tentatively  we  have  been  able  to  index  this  phase  with  tetragonal  symmetry 
and  as  belonging  to  the  Laj Ba3 Cu$ 0U +y  type  crystal  structure.  This  structure 
was  studied  by  Er-Rakho  et.  al . 3  It  is  a  structure  related  to  the  cubic 
perovskltes  and  characterized  by  ordered  vacancies  on  the  oxygen  sublattice 
which  occur  on  planes,  perpendicular  to  the  c-axis  of  the  unit  cell,  and 
occurring  in  every  other  layer  of  oxygen  octahedra  (double  layer) .  The 
lattice  parameters  for  the  composition  Y  jBa  jCu  sOx  are  a  -  J2  Sp  -  5.438  and 
c  -  3  ap  -  11.711  with  ap  -  3.864  for  the  primitive  subcell.  These  are  just 
slightly  smaller  than  those  reported  by  Er-Rakho  et.  al.  for  La3  BajC^O,  4  . 4 

The  x-ray  pattern  for  a  nearly  pure  form  of  the  phase  is  shown  in  Figure  2. 
Ve  have  been  able  to  index  all  major  lines  in  the  pattern;  there  is  a  small 
amount  of  BaCu02  and  a  few  very  weak  unidentified  lines. 
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In  barlua  rich  samples  the  \xiit  call  contalna  a  aublc  primitive  subcell 

and  a  -  /2ap  and  e  -  3ap .  In  yttariua  rich  samples  tha  subcall  becomes 

t a cr agonal  and  as  a  result,  many  of  tha  diffraction  paaka  split.  Tabla  I 
glvas  a  complete  indexing  from  2#  -  20  to  70*  for  two  saaplaa  with  and  without 
splitting.  A  faw  of  tha  obsarvad  peak  Intensities  are  appreciably  different 
froa  those  given  hy  Er-Rakho  at.  al.  corresponding  to  tha  different 
composition  and  indicating  a  somewhat  different  arrangeoant  of  atona  and 
vacancies. 

tfe  believe  that  the  high  Te  is  associated  with  this  double  layered 

Perovsklte  LajBajCu^O^ 4+y  structure  and  that  the  vary  high  T,. ' s  are  possible 
due  to  the  large  nunber  of  vacant  cmygen  sites  and  also  to  the  vary  strongly 
two  dlaenslonal  nature  of  the  compound. * 

Ve  acknowledge  very  useful  conversations  with  0.  Papaconstantopoulos,  B. 
Klein,  P.  Allen,  and  V.  Kresln  and  the  use  of  tha  x-ray  facilities  of  Carl 

Void. 
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Figure  Cep Clone 

Fig.  1.  Rosie  civ*  treneition  for  e  sample  with  composition  Yt  ^Ba*  >4Cu204+y 
Fig.  2.  X-ray  diffraction  patterns  of  tvo  samples  with  appreciable  amounts  of 
the  Uj.xBaj+xCii40144.y  like  structure:  Be  4Y.,Cu  50*  (top)  and  Ba  jY.jCu  40, 
(bottom) . 

Fig.  3.  Arrangements  of  atoms  and  vacanclas  In  the  unit  cell  of 
Laj Baj CU4O1 4  +y  (after  Er-Rakho  et.  al }  ) .  Vacancies  are  ordered  in 
planes  perpendicular  to  c  axis  at  c/2.  Planes  containing  vacancies  are 
separated  by  a  double  layer  of  04  octahedra.  Atomic  arrangements  in  the 
present  samples  are  probably  different  because  of  discrepancies  in 
intensities  of  specific  x-ray  peaks. 
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TABU  1:  CALCULATE)  AMD  OBSDIWS  D  SFACXMCS 


tr-lakho  «jl. 

*oba  *calc 


^calc 


3.2270 

3.2263 

2.7417  / 

-2.7423 

\ 

.2.7411 

2  3311 

2.3272 

2.2361 

2.2388 

1.9903 

1.9953 

1.9420 

1.9383 

1.7736 

1.7744 

/I  7348 

1.7360  \ 

1.7339 

ll  .  7336 

1  6660  J 

r 1.6628 

l 

!.  1.6615 

1.5826  1 

r  1 . 5835 

1 

[  1. 5828 

1.5285 

1.5281 

1.4887  j 

rl.4895 

.  1.4894 

1.4216 

1.4217 

1.3693 

/l.  3711 

1  1.3706 

i  -  5.482 
-  11.639 

*c«lc 


3.9044 

3.9049 

3.8297 

3.8631 

3.2318 

3.2249 

3.2062 

3.1769 

2.9283 

2  9287 

2.7487 

2.7463 

2.7284- 

2.7316 

2.4698 

2.4757 

l  2.3426 

2  3429 

2.2363 

2.2383 

j 

1.9539 

1.9525 

1.9440 

1  9316 

1.9141 

1.9058 

1. 7784 

1.7784 

1 . 7406 

1  7390 

1  5882 

1  5884 

1  5718 

1  5  799 

1  5366 

1 .  5356 

1 .  5083 

1.5027 

1.4941 

1  4904 

1  4833 

1.4880 

1  4265 

1  4270 

l  3746 

1  3  7  31 

1  3649 

1  3658 

a  -  5 

463 

c  -  11 

.  715 

rpmnn.r 

(arbitrary  units) 
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Iha  discovery  of  superconductl vlty  la  La -Ba  -Cu -oxides  ( LBC )  at 
fsnpsrstnrss  la  aacaaa  of  30  K ( 1 )  and  la  Y-Ba-Cu-oxides  (YBC)  at  tanper- 
aturaa  in  aacaaa  of  90  K [ 2 1  has  spawnad  a  flurry  of  raaaarch  diracteu 
toward  Lhasa  and  ralatad  materials,  such  aa  La -Sr-Cu -oxide  ( LSC ) .  The 
phase  of  LBC  raapanalbla  for  a upar conductivity  has  baan  identified  aa  that 
of  the  tetragons 1-K  Ml P.  structured).  Baaed  on  electron  and  x-ray 
diffraction  neaeurdnantV  several  groups  have  indepanently  reported  on  the 
Structure  of  superconducting  YBC.  Although  there  la  general  agreenent  in 
the  atonic  positions  of  the  natal  cations,  variances  exist  in  the  occupan¬ 
cies  and  locations  of  the  oxygen  an ion a .  Moreover,  some  researchers  find 
the  lattice  to  be  tetragonal  (4-6),  whereas  others  find  it  orthorhoabic [ 7- 
10).  We  believe  that  both  are  correct.  In  this  paper,  recent  structural 
studlea  on  thaae  eatarlals  are  correlated  with  preparation  and  processing 
methods . 


SAMPLE  PREPARATIONS 

Test  sanples  of  LBC  were  prepared  by  mixing  appropriate  proportions 
of  reagent  grade  powders  of  La  0  ,  BaCO  ,  and  CuO  to  yield  a  product  of 
nominal  composition  Ls  Ba  ,cuO  .  Tne  mixture  wee  calcined  twice  in 
air  at  1000-1100*  C  for  About  '12  h  and  pressed  into  a  cylindrical  pellet. 

A  variety  of  aethods  wars  uitd  to  prspara  ths  YBC  saterlals ;  the 
steps  which  yielded  the  YBa^Cu  0^  cosposi ti on  and  the  orthorhoabic 
lattice  are  as  follows:  ‘(af  mix  appropriate  proportions  of  BaCO^,  CuO, 
and  Y  o  powders;  (b '  ultrasonlcally  pulverize  the  alxture;  (c)  calcine 
for  about  6  h  at  900-950*  C  with  Intermediary  grindings;  (d)  grind  and 
cold  press  into  pellets;  (a)  air  sinter  at  925-950*  C  for  about  12  h  (f) 
heat  to  9S0*C  in  an  oxygen  atmosphere  and  slowly  cool  (1*/ein).  Addition¬ 
al  details  are  discussed  below. 


LOW  TEMPERATURE  NBAS  UREMDITS 

Polycrystalline  samples  of  both  LBC  and  YBC  have  been  eeasured 
simultaneous ly  with  4-prcbs  resistance  and  x-ray  diffraction  techniques. 
7T»e  onaet/coepletion  of  superconducting  transitions  are  observed  at  38/28 
K  and  93/91  K  for  LBC  and  YBC,  respectively.  In  both  cases,  detailed 
cospsrlsons  of  x-ray  diffraction  spectra  recorded  at  290  K  and  at  18  K 
reveal  no  evidence  of  any  qroes  structural  distortions.  In  the  case  of 
the  tetragonal  structure  of  LBC,  ths  unit  cell  parameters  exhibit  seooth , 
eonotonlc  theresl  expansions  of  about  0110*0.05%  along  the  a-axis  and 
about  0.35*0.10%  along  the  c-axls  over  this  teeperature  range)  11). 

The  linear  expansivities  of  the  orthorhombic  s,b,c-axes  in  YBC  are  all 
represented  by  0.17*0.07%. 

*ONT  Postdoctoral  fellow  ttOn  sabbatical  leave  from  the  National  Science 
foundation 
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sputterinq  fros  a  single  iahoaogaaious  ' 
target  of  tha  thraa  metals,  La,  Sr,  and 
Cp,  onto  quarts  aubatrataa.  la  their 
initial  fora,  tha  sputtered  filsa 
exhibited  so  evidence  of  crystallinity, 
ap waver  annealing,  initially  at  3S0*  C 
apd  at  aubaaquantly  higher  temper¬ 
atures,  for  1 5-sin  producad  x-ray  I 
diffraction  paaka.  (Saa  figure  at! 
riqht.)  Tha  s&jor  paaka  could  ba 1 
idantif lad  with  tha  aforanantlonad  1 
tatr agonal  K  NiF.-structure .  Ex tan d- ( 

Ipg  tha  duration  of  tha  annaal  at 
aach  tasparatura  for  up  to  1-hour  did 
not  appaar  to  lncraaaa  tha  asount  of 
cryatalllxatian.  It  la  also  no  tad  that  j 
oxide  of  tha  La  appaara  to  forn  at 
tha  highar  annaalinq  taaparaturaa 
whereas  that  of  Sr  shows  up  at  350*  C. 

Thar a  is  sons  discrapancy  batvaan 
tha  seaaurad  and  ca  leu  La  tad  intanaitlas 
of  tha  diffraction  paaka  froa  tha  r  NiF 
-phase.  Bowever,  a  Read  photograph  of* 
the  fils  annealed  at  600*  C  indicates 
that  soae,  if  not  all,  of  this  is  due 
to  preferred  orientation. 


Diffraction  Spectra  vs. 
Annealing  Tenperature 


As  the  annealing  tasparatura  is  increased,  tha  a -unit  call  parasetar 
exhibits  a  linear  increase  froa  about  3.762  to  3.787  A,  whereas  the  c-axis 
decreases  uni for sly  fros  about  13.45  to  13.14  A.  These  correspond  to  an 
overall  voluae  reduction  of  about  1%.  Tha  lattice  paraaeters  of  the 
600*-annealed  sasple  are  in  approximate  agresent  with  our  measurements  on 
LBC:  a»3. 787+0.001 ;  c-13.23+0.02  A.,  suggesting  that  the  film  may  have 

reached  the  stoichiometric  composition.  ttiis  is  further  supported  by 
x-ray  fluorescence  analyses  which  indicate  that  the  average  metal  compo¬ 
sition  is  (La  Sr0  1V4.l*2  ^i  •  Unfortunately  resistance  measure¬ 

ments  did  not  rfhdw  the  'rfts^to  ba  superconducting  down  to  4.2  K.  The 
reason  for  this  is  not  clear,  compositional  or  stoichiometric  variances 
may  be  involved. 


YBC:  TETRAGONAL  VS.  ORTHORHONIC  LATTICES 

As  noted,  the  aforementioned  YBC-procesaing  procedures  favor  the 
formation  of  tha  arthorhoablc  structure,  concomitant  with  this  are  improv¬ 
ed  superconducting  properties:  sharp  transitions  above  90  K  and  com¬ 

plete  flux  explusian.  However,  when  the  processing  was  carried  out  at 
lower  temperatures  or  for  shorter  tines,  the  chemical  reactions  and 
subsequent  grain  growth  were  Incomplete  and  the  tetragonal  phase  was 
observed.  Along  with  this  phase  wore  degraded  superconducting  properties: 
broad  transitions  and  poor  flux  expluslon. 

Tha  unit  cell  paraaeters  for  a  variety  of  samples  and  heat  treatments 
were  determined  from  15  to  20  high  angle  diffraction  peaks  by  fitting  to 
an  orthorhombic  lattice.  The  percent  change  between  the  a  and  b  axes  was 
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Wised  u  as  indi.cati.oo  of  tha  orthorboobic  diatortioo .  In  thro*  cum,  this 
distortioo  wma  less  than  a  0.3*,  which  la  below  our  detectable  Unit,  For 
*lx  samples  with  superior  • u  per  conducting  properties ,  tha  fractional 
differences  wara  batwaan  1.3*  and  1.9*,  wall  outside  our  experimental 
Uncertainty .  An  interesting  obaarvatiao  is  that  thara  doas  not  appaar  to 
ba  a  continuous  gradation  fron  tha  tetragonal  to  tha  or thorboabic  phasa. 
We  suggest  that,  basad  on  tha  correlation  batwaan  tha  poat-raaction 
Craataanta  and  tha  lattica  par ana tars ,  tha  arthorhoteic  distortion  and  tha 
resulting  improved  aupar conductivity  nay  ba  doe  to  an  ordarad  occupation 
by  oxygen  anions  on  ona  of  tha  initially  equivalent  tetragonal  aras. 


COWCLUSIOWS 

I 

I 

(1)  Neither  La-Ba-Cu-oxidas  nor  r-Ba-Cu -oxides  axhibit  any  evidence 
of  gross  structural  distortions  batwaan  390  and  IB  K>  tha  linear  thermal 
expansivities  are  0.3+0. 1*  in  all  cases.  (3)  Sputter  deposited  thin  films 
-of  La -Sr-Cu -oxide  are  initially  noncrystalllne,  but  begin  to  crystallize 
in  the  K  NiF  -structure  at  annealing  tanparaturas  as  low  as  300*  C. 
These  fills  do  not  axhibit  avidanca  of  superconductivity.  (3)  Preparation 
procedures  can  affect  whether  sa spies  qf  T-Ba-Cu -oxide  fora  in  the  ortho- 
rhoabic  or  tetragonal  lattice,  the  former  exhibiting  euperior  superconduct¬ 
ing  properties . 
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relationship  between  processing  procedure,  crystal  structure  and 

SUPERCONDUCTING  Tc  IN  THE  Y-BA-CU-0  SYSTEM 
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M.S.  Osofsky,  B.A.  Bender,  S.H.  Lawrence,  and  D.U.  Gubser 
Naval  Research  Laboratory 
Washington,  DC  2037S-5000 

Abstract 

Processing  procedures  producing  well  ordered  orthorhombic  structures  in 
YBa2Cu307  result  in  T  <^54.^  s  in  excess  of  90K,  sharp  transitions  and  nearly 
complete  flux  expulsion.  Procedures  producing  samples  with  tetragonal  symmetry 
result  in  broad  transitions  and  relatively  poor  flux  expulsion.  This  suggests 
that  superconductivity  in  YBa2Cu307  is  strongly  associated  with  the  ordered 
orthorhombic  structure  and  one  dimensional  Cu-0  chains  in  the  basal  plane,  and 
less  influenced  by  other  atoms  in  the  unit  cell. 


Recently,  several  groups^*®)  using  electron  end  x-ray  diffraction 
identified  the  high  superconducting  phase  and  its  crystal  symmetry. 
Although  all  investigations  agreed  on  the  YBa 2^309.$  stoichiometry  for  the 
compound  end  the  position  of  the  metal  cations  in  the  unit  cell,  there  was 
disagreement  as  to  whether  the  symmetry  is  tetragonal^  •  2 . 7)  or 
orthorhombic^*®)  and  to  the  location  and  occupation  of  the  oxygen  sites. 
Neutron  diffraction  studies ® ■ 10)  on  several  different  stoichiometric 
samples  refined  the  crystal  structure  and  identified  positions  of  oxygen  atoms 
showing  that  the  stoichiometric  phase  is  orthorhombic.  The  orthorhombic 
structure  results  from  a  filling  of  oxygen  positions  on  0, 1/2,0  and  vacancies 
on  1/2 ,0,0  positions.  The  *b*  axis  is  about  1.6%  longer  than  the  "a"  axis. 
These  investigators  of  the  neutron  diffraction  studies^®*^)  nevertheless 
suggested  that  the  tetragonal  phase  observed  in  previous  x-ray  difraction 
studies  may  reflect  true  differences  in  samples  prepared  by  different 
processing  conditions. 

Several  reports  suggest  optimum  processing  conditions  for  high  and  sharp 
Tc’s.  Most  prescriptions  favor  sintering  in  flowing  oxygen  followed  by  a  post 
anneal  at  a  Lower  temperature  and  very  slow  cooling(H)  .  Samples  more  rapidly 
cooled  show  a  broad  transition.  There  have  been  no  reports  that  relate 
processing  to  structure,  i.e.  to  the  conditions  favoring  orthorhombic  versus 
tetragonal  symmetry.  The  purpose  of  this  communication  is  to  correlate 
processing  with  structure  and  superconducting  properties. 

In  our  earlier  investigations^)  of  superconductivity  in  the  Y-Ba-Cu-0 
system  we  studied  about  20  samples  of  different  compositions  all  containing 
the  1:2:3  (Y:Ba:Cu)  phase.  As  there  were  no  well  defined  optimum  processing 
procedures  at  that  time,  we  prepared  samples  by  several  different  techniques. 
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Ue  observed  the  orthorhombic  structure  in  About  half  of  the  samples  and  the 
tetragonal  in  the  other  half.  Reviewing  these  results  in  light  of  the  refined 
crystal  structure,  clarifies  the  relationships  between  processing  and 
structure . 

Processing  conditions  which  favored  the  formation  of  the  orthorhombic 
structure  were  as  follows:  (a)  Powders  of  BaCOj,  CuQ,  and  Y2O3  were  premixed, 
(b)  The  powders  were  immersed  in  alcohol  and  loose  agglomerates  pulverized 
using  ultrasonic  vibrations,  (c)  The  powders  were  then  calcined  for  about  six 
hours  at  925-950*C  with  intermediary  grindings,  (d)  Samples  were  again  ground 
and  cold  pressed  into  pellets  and  sintered  in  air  at  925-950'C  for  about  12 
hours,  (e)  They  were  then  transferred  to  a  furnace  with  an  oxygen  atmosphere, 
equilibrated  for  several  hours  at  950C  before  the  furnace  vas  slowly  cooled 
(l*/min).  For  step  (e)  we  could  also  substitute  an  equilibration  in  or 
air,  followed  by  reducing  the  temperature  to  500-700*C,  holding  for  several 
hours  and  a  moderately  slow  cool  down. 

Two  conditions  favored  tetragonal  formation.  When  the  processing  was  done 
at  relatively  low  temperatures  and  shorter  times,  the  chemical  reactions  and 
subsequent  grain  growth  were  incomplete,  the  ordering  of  oxygen  atoms  did  not 
occur  and  a  tetragonal  phase  was  observed.  In  cases  where  reaction  was  known 
to  have  been  completed,  the  tetragonal  phase  was  formed  when  samples  were 
quenched  from  900-lQ00*C. 

Most  samples  were  prepared  off  the  stoichiometric  1:2:3  and  we  observed 
the  orthorhombic  and  tetragonal  symmetries  with  nearly  equal  frequency.  We  saw 
no  obvious  correlation  between  overall  composition  and  the  occurrence  of 
either  phase.  At  the  stoichiometric  composition  we  observed  only  the 
orthorhombic  structure.  There  is  no  indication,  however,  that  the  tetragonal 


phase  has  a  stolchioaecry  ocher  chan  1:2:3. 

Table  1  shows  Che  lacclce  parameters  of  soae  of  che  samples.  These 
parameters  were  calculated  assuming  the  scructure  to  be  orchorhomblc  and 
carrying  out  a  lease  squares  fie  Co  15  Co  2D  high  angle  diffraction  peaks.  If 
che  "a*  and  "b"  parameters  were  determined  to  be  equivalent  Co  vichin  the 
uncertainty  of  the  fit,  we  then  called  the  sample  tetragonal.  For  all  the 
samples  determined  to  be  orthorhombic,  the  b/a  ratios  lie  between  1.014  and 
1.019.  Ihe  "a”  lattice  parameter  varies  from  3.822  and  3.838.  Ihe  "b" 
parameter  varies  from  3.879  and  3.911.  For  nearly  tetragonal  samples,  che 
orthorhombic  distortion  ranges  from  less  than  measurable  to  about  0.25%.  The 
"a"  lattice  parameter  varies  from  3.863  to  3.876  and  "b“  from  3.867  to  3.877. 

For  the  samples  that  we  tested,  there  was  no  overlap  of  the  b/a  ratios 
between  the  two  groups  of  samples;  i.e.  the  orthorhombic  distortion  was 
1.4- 1.9%  in  the  orthorhombic  samples  and  much  smaller,  less  than  0.3%  in  the 
tetragonal  samples.  The  "b*  parameter  tends  to  be  slightly  smaller  in  the 
tetragonal  structure  compared  to  the  orthorhombic,  whereas  *a"  clearly  shows 
the  opposite  trend.  This  would  indicate  at  least  partial  occupancy  of  both 
1/2, 0,0  and  0, 1/2,0  sites  in  the  tetragonal  scructure.  Thus  we  regard  the 
tetragonal  structure  as  the  disordered  form  of  the  orthorhombic  lattice. 

Ve  inspected  three  samples  with  optical  microscopy.  Two  samples  with 
nearly  tetragonal  symmetry  showed  elongated  grains.  Che  of  the  samples  with 
tetragonal  symmetry  had  sintered  fairly  well  with  typical  elongated  grains  10 
by  50  aicrons  in  size  and  was  much  more  dense  than  the  other  sample.  These 
results  indicate  that  the  degree  of  sintering  did  not  affect  the  crystal 
symmetry.  The  microstructure  of  the  sample  with  orthorhombic  symmetry  showed 
significant  amounts  of  twinning  as  evidence  by  the  striations  (see  figure  1). 
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Changing  the  focal  length  showed  that  aost  of  the  grains  were  striated.  In 
some  grains  the  striations  are  seen  running  at  right  angles  to  each  ocher.  It 
is  believed  these  striations  result  from  twinning  associated  with  the 
orthorhombic  distortion  as  seen  also  by  Beyers  et.  al.(^)  using  TEM. 

Ve  measured  the  a.c.  resistivities  and  d.c.  susceptibilities  of  the 
samples.  The  resistive  onsets  occurred  in  excess  of  90K  in  most  samples.  Slow 
cooling  and/or  annealing  at  about  500*C,  in  either  air  or  oxygen,  sharpens  the 
transitions,  in  agreement  with  the  results  of  others.  Samples  of 

stoichiometric  1:2:3  compositions  and  well  defined  orthorhombic  distortions 
had  onsets  of  93  and  R-0  at  91K.  The  same  samples  showed  nearly  complete  flux 
expulsion.  Samples  containing  the  tetragonal  phase  show  far  broader 
transitions  and  smaller  amounts  of  flux  expulsion,  1-12%  after  correcting  for 
the  amounts  of  the  1:2:3  phase.  The  sample  with  the  least  amount  of 

orthorhombic  distortion,  sample  194,  had  the  broadest  transition:  TonseC-93K 

and  R-0  at  53K.  Samples  with  an  orthorhombic  distortion  of  about  1.4%  but 
which  were  not  slow  cooled  or  held  at  a  lower  intermediary  temperature,  had 
high  onsets  but  broad  transitions.  Thus  having  an  orthorhombic  structure  does 
not  necessarily  mean  a  sharp  transition.  Only  those  samples  that  were  slow 
cooled  or  held  at  a  lower  temperature  had  transition  widths  of  a  few  degrees, 
tfe  suggest  that  slow  cooling  allows  more  complete  ordering  of  oxygen  atoms  on 
0, 1/2,0  sites. 

To  study  the  relationship  between  orthorhombic  and  tetragonal  symmetry,  we 
used  a  stoichiometric  sample,  number  223.3,  with  a  well  defined  orthorhombic 
distortion  of  1.'0173.  After  equilibration  at  1000C,  we  quenched  this  sample  in 
air.  Quenching  produce!  no  measurable  change  in  the  b  and  c  axial  lengths,  but 
about  a  0.3%  increase  in  the  length  of  the  a-axis;  this  corresponds  to  a 


suller  orthorhombic  distortion  with  b/e-1.013.  The  resistive  trensition 
degraded  considerably.  Prior  to  reheating,  the  superconducting  properties  of 


this  sample  wre  TonaeC-93K  and  R-0  at  91K.  After  quenching,  Tansec-dSK  and 
R-0  at  46K. 

A  set  of  nonstoichiometric  samples  were  sintered  at  1000*C  in  flowing 
oxygen  for  24  to  96  hours  assuring  that  the  samples  were  in  equilibrium. 
Specific  samples  were  then  removed  every  24  hours  by  quenching  in  air.  All 
samples  had  broad  transitions  of  30K.  These  samples  all  had  tetragonal 
symmetry,  suggesting  that  the  tetragonal  symmetry  is  the  property  of  a  high 
temperature  phase  and  that  the  orthorhombic  phase  forms  at  a  lower 
temperature . 

The  conversion  from  the  orthorhombic  to  the  tetragonal  forms  of  the 
structure  can  be  caused  by  a  disordering  of  the  oxygen  atoms  on  the  basal 
planes  or  by  removing  some  of  the  oxygen  atoms  from  the  0, 1/2,0  positions.  We 
believe  both  occur  in  samples  heated  at  higher  temperatures  in  air  or  oxygen. 
Alternately,  the  conversion  can  occur  vhen  samples  are  heated  in  a  reducing 
atmosphere.  In  this  case,  the  progression  to  a  tetragonal  structure  was 

(  studied  by  neutron  diffraction^^)  Oxygen  atoms  are  removed  preferentially 

\ 

'  from  the  0, 1/2,0  sites.  This  particular  heat  treatment  produced  a 

semiconducting  sample. 

Ue  believe  the  orthorhombic  distortion  occurs  on  slow  cooling  or  holding 
at  some  lower  Intermediary  temperature  when  oxygen  atoms  diffuse  from  1/2, 0 , C 
sites  to  vacant  0, 1/2,0  sites  and  by  the  addition  of  oxygen  atoms  from  th 
ambient  atmosphere.  It  is  well  established  from  earlier  research  the 
compounds  with  very  closely  related  structures  will  incorporate  an  addition; 
10-15%  more  oxygen  during  a  low  temperature  post  anneal (1^) . 
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Ue  therefor*  speculate  that  the  superconductivity  in  this  material  is  very 
strongly  associated  with  the  Cu-0  chains  in  the  basal  plane  and  less 
influenced  by  the  other  atoms  in  the  unit  cell.  Either  disordering  the  chains 
or  breaking  them  by  removing  the  cocygen  is  detrimental  to 
superconductivity . 

Engler  et.  al.(H)  also  found  a  possible  association  of  the  orthorhombic 
distortion  and  high  Tc's.  In  their  case  they  showed  that  most  rare  earth 
elements  can  be  substituted  for  Y  without  a  significant  change  in  Tc ,  but  that 
substitutions  of  La  and  Pr  destroyed  superconductivity  even  though  the  1:2:3 
stoichiometric  phase  was  formed.  For  PrBa2Cu30y  they  pointed  out  that  the 
structure  was  tetragonal,  not  orthorhombic  and  therefore  suggested  the 
association  between  the  orthorhombic  distortion  and  superconductivity.  Our 
findings  on  the  La-Ba-Cu-0  were  slightly  different.  Ue  found  the 
stoichiometric  composition  not  to  be  LaBa2Cu3C>7  but  La^  5 Ba^  5 CU3 O7  in 
agreement  with  the  original  research  on  this  phase  by  Er-Rakho  et.  al.  U3)  In 
samples  slowly  cooled  in  flowing  oxygen  or  air,  a  procedure  which  should  have 
produced  the  orthorhombic  structure,  the  phase  was  instead  tetragonal.  Ue  did 
not  observe  an  orthorhombic  structure  in  five  samples  of  different 
compositions.  The  crystal  structure  was  closely  related  to  that  for  YBa2Cu3C>7. 
although  there  must  be  some  substitution  of  La  for  Ba,  and  the  ordering,  if 
there  is  any,  of  oxygen  atoms  must  be  different.  In  our  samples  we  saw  no 
reason  to  use  the  larger  lattice  parameters  a-/2ap  as  suggested  by  Er-Rakho  ec 
al.  Ue  find  a-3.925±.003  and  c-11 . 78^±.028 .  The  phase  is  not  superconducting 
down  to  4K.  This  result  again  strongly  suggests  that  the  ordered  orthorhombic 
strucuture  is  associated  with  the  very  high  Tc’s. 


Ue  further  speculate  that  the  twinning  that  is  prevalent  in  the 


orthorhoabic  YB*2^U307  compound  say  be  due  to  the  tetragonal  to  orthorhoabic 
transition  associated  with  incorporating  and  ordering  of  oxygen  atoms  on  the 
basal  planes.  The  twinning  aay  also  be  a  result  of  relief  of  internal  stresses 
built  up  due  to  the  anisotropic  linear  expansion  behavior  of  orthorhombic 
YBa2Cu307  and  aay  play  a  role  in  the  anomalies  reported  in  these  materials  at 
higher  temperatures  (240K).  In  what  is  possibly  a  related  observation,  Soviet 
scientists  have  seen  a  significant  enhancement  in  Tc's  in  samples  of  heavily 
faulted  tin(l^) 

On  the  basis  of  these  observations  we  conclude  the  following: 

1.  A  1:2:3  phase  with  nearly  tetragonal  symmetry  exists  in  addition  to  the 
phase  with  orthorhombic  symmetry.  The  tetragonal  phase  is  seen  readily  in 
samples  off  stoichiometry.  Fast  cooling  from  high  temperatures  favors  its 
retention  and  suggests  it  aay  be  a  high  temperature  form  of  the  1:2:3.  Its 
microstructure  shows  no  striations.  Its  presence  is  associated  with  a  broad 
transition  and  an  incomplete  Meissner  effect. 

2.  The  orthorhombic  phase  forms  most  easily  in  stoichiometric  compositions . 
Very  slow  cooling  and/or  lower  temperature  post-anneals  in  oxygen  or  air 
promote  a  well  formed  orthorhoabic  distortion.  Such  samples  exhibit  striations 
in  their  microstructures,  Indicating  the  existence  of  extensive  twinning.  The 
presence  of  the  ordered  orthorhombic  structure  is  associated  with  a  sharp 
transition  temperature  and  nearly  complete  flux  expulsion. 

3.  Superconductivity  is  correlated  with  the  ordering  of  the  oxygen  atoms 
on  the  basal  plane  producing  one  dimensional  Cu-0  chains. 

4.  Tvinning-plane-superconductivity  aay  be  responsible  for  the  anomalies 
observed  at  very  high  temperatures  in  these  materials. 
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Note  added: 

At  the  completion  of  this  manuscript  we  received  a  preprint  from  Schuller  et. 
al .  at  Argonne  reporting  on  an  orthorhombic  to  tetragonal  phase  transition 
occuring  at  750  C  in  YBa2Cu307 .  This  result  strongly  supports  our  conclusions. 
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Processing  of  High  Tc  Ceraaic  Superconductors:  Structure  and 

Properties 
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The  processing  of  high  Tc  ceraaic  superconductors  by 
traditional  ceramic  techniques  is  reviewed.  All  high 
ceramic  superconductors  are  layered  Cu-0  compounds  that 
are  closely  related  to  each  other.  In  each,  Cu-0 
coordination  polyhedra  are  typical  of  0u+z  compounds.  A 
critical  step  in  processing  these  compounds  is  the 
intercalation  of  oxygen  which  changes  the  coordination 
polyhedra  at  a  few  atomic  sites  and  causes  a  dramatic 
effect  on  the  superconducting  properties. 


Introduction 

Following  Bednorz  and  Haller's  publication  (1)  on  high  transition 
temperature,  Tc ,  ceraaic  superconductors,  there  has  been  a  deluge  of 
papers  on  the  subject.  Momentum  Increased  with  the  announcement  by 
Wu  et  al.(2)  of  a  Tc  breakthrough  in  excess  of  90K.  Since  then  a 
great  deal  has  been  learned  about  superconducting  properties, 
crystal  structures  and  phase  relationships  in  the  Y-Ba-Cu-0  system 
Knowledge  of  processing  these  materials  has  Improved  but  not  to  the 
same  extent  as  some  other  areas.  Each  research  group  seems  to 
report  a  different  set  of  processing  procedures.  It  is  widely 
acknowledged  that  it  is  difficult  to  transfer  processing  procedures 
from  one  group  to  another  and  achieve  comparable  superconducting 
properties.  In  this  paper  we  attempt  to  review  some  of  the 
processing  procedures.  We  pay  particular  attention  to  the 
underlying  structure:  crystal  and  microstructure.  At  this  time, 
relationships  between  structure  and  superconducting  properties  are 
better  defined  than  are  relationships  between  processing  and 
properties.  Therefore,  one  can  use  the  evolution  of  the  desired 
structure  as  a  guide  to  processing. 

1 0n  sabbatical  leave  from  the  National  Science  Foundation 
20ffice  of  Naval  Technology  Postdoctoral  Fellow 
5 Sachs -Freeman  Associates,  Landover,  HD 
*Crystal  Growth  &  Material  Testing  Assoc.,  Lanham,  MD 
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Our  group  has  been  mainly  concerned  with  traditional  ceramic 
processing  techniques  involving  solid  state  particulate  reactions 
such  as  sintering  and  hot  pressing.  A  number  of  other  techniques, 
such  as  co-precipitation  and  organome tallies ,  have  been  successfully 
used  by  others,  but  will  not  be  discussed  here.  Regardless  of  the 
method  of  preparation,  it  is  believed  that  all  materials  must  end 
up  with  the  same  structural  modifications  to  ensure  good 
superconducting  properties . 

General 

Structure :  Some  14  different  ceramic  compounds  are  reported  to 
superconduct  with  Tc's  in  excess  of  35K.  These  are  listed  in  Table 
I.  There  are  5  distinct  classes  of  materials  with  4  different 
lcrystal  structures. 

Table  I.  High  Temperature  Ceramic  Superconductors 


Formula 


La2  CuO^ 


Reference 


(4-6) 
(Li  ,j) 


La 2  - - x/2 +5  f  Sr , Cfl  (4-6) 

Cuj  0^  5 -f  5  Y ,  Lu ,  N<i ,  Sm ,  Eu ,  Gd  (2,7,8) 

Er ,Ho , Yb 

La3  i^Cu^O,  (9) 

Y2 BaCu206 -x/2+fi  (10) 

There  are  several  chemical  and  crystal  structure  similarities  in 
the  high  Tc  ceramic  superconductors.  A  general  feature  in  their 
crystal  chemistry  is  the  occurrence  of  a  small  number  of  Cu-0 
coordination  polyhedra.  As  discussed  by  Wells(ll),  these  are  the 
same  polyhedra  that  one  finds  in  Cu-0  compounds  in  which  Cu  has  a  +2 
valence.  Copper  is  located  in  one  of  three  configurations:  (1)  at 
the  center  of  a  square  array  of  coplanar  oxygen  atoms  (square 
planar);  (2)  at  the  center  of  the  square  base  of  a  pyramid  with 
oxygen  at  the  vertices,  (  pyramidal  (4+1));  and  (3)  at  the  center  of 
a  distorted  octahedra  with  oxygen  at  the  vertices,  (distorted 
octahedra  (4+2)),  (see  Fig  1).  In  square  planar,  the  Cu-0  spacing 
is  about  1.95A.  In  the  pyramidal  and  distorted  octahedra,  there  are 
4  surrounding  oxygen  at  short  distances  (1.95A)  comparable  to  those 
found  in  square  planar,  and  1  or  2  distances  significantly  longer 
(2.3k).  The  notation  (4+1)  and  (4+2)  is  used  to  denote  the  fact 
that  4  of  the  Cu-0  distances  are  short  ar.d  1  or  2  are  longer. 

Table  II  lists  the  coordination  of  oxygen  about  the  central 
copper  atom  in  each  of  the  high  Tc  ceramic  superconductors  and  it 
lists  typical  Ou-O  distances.  In  the  crystal  structures,  ti.c 
coordination  polyhedra  are  arranged  so  that  the  square  planar 
configurations  are  perpendicular  to  the  c-axis  of  the  unit  cell  and 
the  long  axis  of  the  pyramids  and  octahedra  are  parallel  to  it. 
Within  planes  of  Cu-0  atoms,  which  are  perpendicular  to  the  unit 


cell’s  c  axis,  the  typical  distance  is  1.95A.  Parallel  to  the  c 
axis,  the  Cu-0  distances  are  either  shorter  or  longer.  Thus  all 
structures  can  be  viewed  as  having  parallel  planes  of  Cu-0  sheets  in 
which  *  ••  Cu-0  spacing  is  1.95A.  The  rare  earth  and  oxygen  atoms  are 
also  arranged  in  planes  perpendicular  to  the  c-axis.  In  'jBa2Cu307, 
there  is  a  square  planar  ribbon  at  the  basal  planes  of  the  unit 
cell  i^iich  is  parallel  to  the  c  ®cis  and  in  vhich  the  Cu-0  distance 
is  only  1  8  5  A  The  longest  distance  in  this  structure  is  also 
parallel  to  the  c  axis  and  is  about  2.3A,  existing  in  both  the 
distorted  octahedra  and  4+1  pyramidal  structure.  Figure  2  shows 
crystal  structures  of  the  four  classes  of  superconducting  materials, 
showing  some  elements  of  the  Cu-0  coordination  polyhedra. 

Table  II.  Comparison  of  Coordination  Polyhedra  for  Cu-0  in 
Superconducting  Ceramic  Oxide  Phases 


Compounds 

Coordination 

Distances  i 

i 

Befs 

^2  -xAxCu0*  -x/2+6 

distorted  octahedra 

Cu-O, (x4 ) 

1.937 

(12) 

(4+2) 

Cu-02 (x2) 

2.27 

Laj  Baj  Cu^  0, 4 

square  planar 

Cu2 -0, (x4) 

1.954 

(13) 

distorted  octahedra 

Cu2-0, (x4) 

1.954 

(4+2) 

Cu2 -Oj (xl) 

1.723 

pyramidal (4+1) 

Cu4 -02(x4) 

1.959 

Cu4-Oj(xl) 

2.333 

L^a -xAi +xCu2  °6 - x/2 

pyramidal (4+1) 

Cu-0, (x4) 

1.94 

(14) 

Cu-02 (xl) 

2.27 

YBa2Cu306  5+(5 

square  planar 

Cu, -0, (x4) 

1.85 

(13,16) 

Cu, -04 (x4) 

1.94 

pyramidal (4+1) 

Cu2 -02 (x2) 

1.94 

Cuj -Oj (x2) 

1.96 

Cu5-0, (x2) 

2.3 

The  superconducting  and  electronic  transport  properties  of 
these  materials  are  'xry  sensitive  to  their  ocygen  content,  thus  it 
is  important  to  understand  trtiere  oxygen  is  added  or  subtracted  in 
the  mit  cell.  Table  III  lists  positions  where  oxygen  is  added  and 
its  effect  on  Tc .  For  YBa2Cu3Ox,  oxygen  is  added  or  subtracted  from 
basal  planes  in  the  0  1/2  0  and  1/2  0  0  positions.  Also,  oxygen  can 
be  ordered  on  the  0  1/2  0  sites  leaving  the  1/2  0  0  site  vacant. 
This  results  in  an  orthorhomic  distortion  with  b/a  »  1.7%,  a  unique 
one  dimensional  character  to  the  structure  and  excellent 

superconducting  properties  (17) .  For  La3BajCu60u  added  oxygen  fill 
the  site  1/2  1/2  1/2  between  two  (4+1)  pyramids,  thus  forming 
two  distorted  octahedra  along  the  c  axis.  One  octahedra  is 
elongated  and  the  other  is  compressed.  Several  groups  (9 , 18)  have 
found  Tc  onsets  of  70K+  In  La j ,xBa3 +xCu60, 5  in  samples  annealed  in 
a  few  atmospheres  of  oxygen. 

If  simple  valences  are  considered,  the  addition  of  oxygen  has 
the  effect  of  raising  a  portion  of  the  cations  to  a  higher  valence 


state,  or  more  likely,  hybridizing  Cu-0  bonds  producing  metallic 
hole-type  conduction.  It  is  convenient,  however,  to  refer  to  these 
materials  as  if  they  have  some  Cu+3,  even  though  in  a  formal  sense 
this  ion  may  not  exist. 

Table  III.  Location  of  S  Oxygen  Atoms  and  Effects  on 
Superconductivity 


Compound 

Location 

Effect 

^2  -xaxCu4  -x/2+5 

vacant  octahedra 

comers 

increases  Cu+3/Cu+2 ratio 
raises  Tc 

La3  Ba3  C^O,  4  +$ 

vacant  comer  of 
octahedron  at 
unit  cell  center 

changes  Cu  coordination, 
pyramidal  to  octahedral 
increases  Cu+3/+2  ratio, 
semiconductor  to  90K  Tc 

YBa2Cu306  5  +$ 

vacant  site  at 

0  1/2  0 

perfects  square  planar 
sites,  increases  Cu+3/+2  , 
orthorhombic  distortion, 
raises  Tc ,  55  to  90K 

Processing:  All  these  materials  can  be  processed  in  the  same 

general  manner.  One  starts  with  powders  of  the  rare  earth  oxide 

(M2Oj)  or  Y203,  copper  oxide  CuO,  and  the  carbonate  of  barium, 
strontium  or  calcium.  The  carbonates  and  rare  earth  oxides  can  be 
used  in  their  as-received  condition,  but  we  have  found  that  CuO 

requires  additional  milling  to  break  up  coarse  particles.  In 
addition,  the  powders  should  ba  predried  to  remove  any  adsorbed 
moisture  prior  to  .eighing.  When  drying,  care  should  be  taken  to 
avoid  agglomerate  formation.  The  weighed  powders  are  then 

thoroughly  mixed  in  a  mill  or  mortar  and  pestle.  The  powders  are 
then  calcined  in  open,  flat  crucibles.  In  the  calcining  step, 
carbonates  are  decomposed  to  the  oxides  and  C02 ,  and  a 
multicomponent  oxide  is  formed,  i.e. 

1/2  Y2Oj  +  2  BaCOj  +  3CuO  - >  YBa2Cu306  5  +  2C02 

The  above  formula  assumes  no  addition  or  depletion  of  oxygen  from 
the  anbient  during  the  calcining  step,  an  assumption  not  always 
valid.  The  powders  are  not  pelletized  prior  to  calcining  largely 
due  to  a  large  molar  volume  change  (-30%)  between  reactants  and 
products.  One  problem  in  calcining.  Is  that  the  carbonates  remain 
stable  and  do  not  always  decompose.  Furthermore,  at  the  reaction 
temperatures  particle  sintering  and  grain  growth  occur.  Thus,  the 
calcined  materials  must  be  remilled.  By  monitoring  the  calcining 
step  with  x-ray  diffraction,  we  have  found  that  3-4  hr  at  925C  is 
sufficient  time  for  calcining,  provided  all  starting  powders  are  10^ 
or  less. 

Once  calcining  is  complete,  the  major  molar  volume  changes  have 
taken  place  and  the  milled  powders  can  be  pelletized  for  sintering. 
Here  a  multiple  of  traditional  ceramic  processing  steps  can  be  used 
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to  form  the  materiel  to  it*  desired  shape.  The  powders  can  be 
cold-pressed,  with  or  without  a  binder,  isostatically  pressed, 
hot -pressed,  mixed  with  binders  and  extruded  into  sheets,  tubes, 
etc.  Some  members  of  our  group,  in  collaboration  with  researchers 
at  Brookhaven,  have  consolidated  powders  by  plasma  and  flame 
spraying  (19) 

Once  powders  are  consolidated  and  fired,  the  individual 
particles  sinter  together.  This  step  is  aided  by  a  fine  powder  size 
(1-10/j)  and  a  uniform  dispersion  of  powders  (no  large  voids). 
Typically  6-12  hours  at  900-950C  will  sinter  the  particles  to  80% 
density. 

The  final  step  in  processing  several  of  the  high  Tc  ceramic 
superconductors  is  critical  for  good  properties.  The  sintered 
samples  are  slowly  cooled  in  flowing  0g  and  held  at  some  lower 
temperature  to  increase  the  oxygen  content  of  the  compound.  For 
example , 

ABa2Cu306  5  (from  calcining)  +  6/2  02  — >  ABa2Cu306  s+j 

The  effects  of  this  step  on  superconductivity  can  be  dramatic.  For 
YBa2Cu307,  the  fully  oxygenated  samples  show  a  complete  Meissner 
effect  and  R  -  0  at  temperatures  in  excess  of  92K.  Without  the 
additional  oxygen,  the  transitions  are  broad  and  the  flux  expulsion 
only  partial  (17) .  Table  IV  gives  the  composition  ranges  of 
intercalation  of  oxygen  (20) .  The  highest  values  of  6  are  obtained 
with  long  term  anneals  at  about  500C  under  one  atm  of  oxygen;  lower 
values  of  &  are  obtained  with  lower  partial  pressures.  Table  IV  also 
shows  the  large  effect  intercalation  has  on  the  room  temperature 
electrical  conductivity,  with  samples  becoming  more  metallic  as 
oxygen  is  added. 

Table  IV.  Known  Ranges  of  Oxygen  Intercalation  in  High  Tc  Ceramic 

Superconductors 


Compound 

Intercalation  Range 

S 

Log  Cond.  Ran 
( 300K) 

^2  -xAxCu4  -x/2  +6 

0-0.3 

1-1.8 

I-a2  -  XA1  +XCu2  °u  -  x/2  +6 

0-0.2 

1-2.5 

La3Ba3  Cu601 

0-0.4 

0.4 -1.0  (3  atm) 

0.5-1. 9 

YBa2  Cu3  06  5  +(5 

0-0.5 

---- 

Individual  Compounds 

Processing  this  compound  follows  the  general 
procedure  outlined  above.  At  temperatures  above  700C,  YBa2Cu3Ox  has 
a  tetragonal  structure  (_2_1) .  Its  oxygen  content  is  believed  to  be 
YBa2Cu306  5  .  Below  700C,  the  unit  cell  is  orthorhombic  and  the 


composition  adjusts  towards  YBa2  0^  0  .  The  critical  step  in 
processing  is  to  add  this  0.5  oxygen  atom  per  unit  cell.  This  is 

critical  because  these  oxygen  atoms  and  their  proper  ordering  on  0 
1/2  0  sites  dramatically  improve  superconducting  properties.  In  such 
samples  the  Tc  onsets  are  93K,  the  transition  widths  IK,  and  a  full 
Meissner  effect  observed,  i.e.  the  sample  levitates  in  a  strong 

magnetic  field.  The  presence  of  the  ordered  intercalated  oxygen 
atoms  causes  a  distinct  orthorhombic  distortion  in  the  unit  cell  of 
about  1.7%  (17 , 21) .  Its  presence  can  be  readily  observed  from  a 
splitting  or  shouldering  the  main  X-ray  diffraction  peak  at  32-33*. 
Normally  the  extra  oxygen  can  enter  during  slow  cooling  (l*/min) 

from  900C  in  flowing  oxygen.  In  some  instances,  furnace  cooling  is 
sufficient  or  alternatively  one  can  anneal  the  sample  at  about 
500-600C.  We  have  observed,  however,  that  some  off -stoichiometric 
samples  transform  to  the  orthorhombic  in  a  very  sluggish  manner.  At 
this  time,  the  reasons  for  this  sluggishness  in  reaction  are 
unclear.  As  another  word  of  caution,  we  and  others  have  observed 

that  YBa2Cu306  5  gradually  decomposes  when  heated  in  air  above  950C 
(22,23).  By  annealing  a  sample  in  air  at  975C  for  12  hours,  we  have 
nearly  completely  decomposed  the  phase  into  ^  BaCuC^  ,  CuO  and 
probably  BaCu02 .  Reheating  this  same  sample  at  975C  in  flowing  02  , 
gradually  reforms  the  YBa2Cu306  5  phase. 

The  individual  grains  of  samples  with  a  pronounced  orthorhombic 
distortion  show  striations  or  bands  when  viewed  in  an  electron 
microscope  (see  figure  3).  This  is  believed  to  be  due  to  domain 
formation;  in  one  band  the  "b"  axis  of  the  unit  cell  is  oriented 
90°  to  the  "b"  axis  of  the  adjacent  band.  Electron  microscopy  also 
shows  that  small  deviations  from  stoichiometry  result  in  an 
amorphous  second  phase  forming  in  the  grain  boundaries.  Because 
most  of  the  phases  in  equilibrium  with  YBa2Cu307  are  insulators ,  a 
grain  boundary  phase  is  probably  an  insulator. 

Table  V.  Physcial  and  Superconducting  Properties  of  YBa2Cu307 

(NRL  Samples) 


Lattice  Parameters  (A) 
a 
b 


3.822+0.002 

3.888+0.002 

11.672+0.005 


Volume  (A5 ) 

173.4 

%  Distortion 

1.7 

Oxygens  per  unit  cell 

6.94 

Tc  onset  (K) 

93 

R-0  (K) 

91 

%  flux  expulsion 

100 

p  (94K)  (pfl-cm) 

200 

(dHc/dT)Tc  (kG/K) 

22-36* 

Hc2 (0)  (kG) 

1470-2370* 

Hc1(4.2K)  (kG) 

0.8 

Hc(0)  (kG) 

20-26* 

JC(4K)  (A/cm2) 

105  + 

♦Calculated  from  critical  field  measurements 
+Estimated  from  magnetization  studies 


Ue  have  measured  a  large  number  of  super conducting  properties  on 
veil  characterized  Y&a2Cu302  with  a  1.7%  orthorhombic  distortion. 
These  are  listed  in  Table  V. 

La^  _x&*3+xCu*014+{ :  When  processed  by  the  general  procedure,  this 

sample  is  not  superconducting.  Mitzi  et  al.  (9)  showed  that  samples 
annealed  for  24  hours  at  450C  in  3.5  atm  of  oxygen  are 
superconductors,  if  x  >  0.75,  with  Tc  onsets  of  about  90K.  We  have 
verified  these  experiments  (19).  We  find  that  the  resistance 
behavior  of  LajBajCu^O^^  also  becomes  much  more  metallic  after 
annealing  in  3  atm  of  0^  .  La^a^CujO  u+j  becomes  superconducting 
with  Tc  onset  greater  than  75K.  The  latter  material  shows  a 
distinct  second  phase,  however,  so  we  cannot  rule  out  the 
possibility  that  it  is  contributing  to  superconductivity.  Also  with 
x-ray  analysis  it  is  difficult  to  unambiguously  decide  if  the 
crystal  structure  of  this  material  is  the  Er-Rakho  (1J)  or  YBajCujO^ 
type.  In  both  structures  the  cations  have  nearly  Identical 
positions,  only  the  oxygen  positions  are  significantly  different. 
Both  are  very  similar  layered  structures.  The  x-ray  diffraction 
signatures,  which  are  not  sensitive  to  oxygen,  are  nearly  identical. 
We  see  evidence  for  the  very  weak  line  at  20-16  as  required  for  the 
(100)  diffraction  in  the  Er-Rakho  tetragonal  structure  but  also  some 
evidence  for  peak  shouldering  which  may  indicate  it  is  an 
orthorhombic  structure  and  not  tetragonal.  It  is  also  possible  that 
both  tetragonal  and  orthorombic  phases  exist  as  suggested  by  Lee  et . 
al.  (24)-  Because  of  the  importance  of  this  material  in 
understanding  superconductivity  in  high  ceramics,  its  structure 
should  be  refined  by  neutron  diffraction. 

A-Sr.Ba.Ca. 

The  optimum  compositions  for  high  Tf.  superconducting  properties  are 
for  x-0.1  to  0.2.  Samples  are  prepared  according  to  the  general 
procedure  although  processing  temperatures  of  about  1100C  are 
reported.  The  best  samples  are  prepared  in  flowing  02  .  Slow 
cooling  and  annealing  at  a  lower  temperature  (500C)  increase  Tc  by  1 
to  2  degrees  and  also  sharpen  Tc .  Likewise,  annealing  in  vacuum 
destroys  superconductivity.  Reannealing  in  02  restores 

superconductivity.  The  degree  of  oxygen  intercalation  is  small,  0-0 
to  0.2  (20). 

If  x  is  small,  less  than  0.075,  annealing  in  0^  lowers  Tc  (25). 
If  x-0,  samples  are  not  superconducting.  Air-quenching  samples 

annealed  at  800-1000C  causes  a  very  small  part  of  the  sample  to 
superconduct  (2_7) .  This  is  probably  grain  boundary 

superconductivity  because  while  R  tends  to  zero,  susceptibility 
measurements  show  only  a  trace  of  superconductivity.  At  very  low 
temperatures,  pure  La2Cu04  transforms  from  an  orthorhombic  to  an 
unknown  structure  (2J5) .  It  has  been  speculated  that  this 

transformation  may  somehow  inhibit  superconductivity  (29) . 

Y2  - jt*ai+xCu06_x/2+$ :  It  has  been  suggested  that  this  phase  is  a 
high  Tc  superconductor  (10).  This  observation  has  never  been 
confirmed,  and  in  fact,  it  is  doubtful  that  this  particular  phase 
even  exists.  Nevertheless,  the  crystal  structure  of  this  family  of 


compounds,  1^*2 -xAi +x^u2®6 -x/2+i ,  *■*  a  l*y*red  one  with  coordination 
polyhedra  like  those  found  in  the  high  superconductors  and  the 

compounds'  electrical  conductivities  show  the  same  sensitivity  to 
oxygen  intercalation.  Thus  the  compounds  are  obvious  candidates  for 
superconductivity . 

Summary:  High  Tc  ceramic  superconductors  have  layered  crystal 

structures  with  Cu-0  coordination  polyhedra  typical  of  Cu+2 . 
Intercalation  of  additional  oxygen  is  critical  to  the 

superconducting  properties .  All  these  materials  can  be  processed  in 

a  similar  manner  by  traditional  ceramic  processing  techniques. 
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Figure  1.  Coordination  polyhedra  of  copper  and  oxygen  atoms  in 
high  Tc  auperconductora :  <a)  square  planar,  (b)  pyramidal  (4+1) 

and  (c)  distorted  octahedron  (4+2).  The  distance  x  is  about 
1.95A  and  the  distance  y  about  2.3A. 

Figure  2.  Crystal  structures  of  ceramic  high  Tc 
superconductors.  (a)  KjNiF*  structure  showing  layers  of 
distorted  octahedra  (4+2).  (b)  YBa2Cu307  structure  with  nearly 

square  planar  and  pyramidal  (4+1)  Cu-0  coordination  polyhedra, 
(c)  Er-Rakho  structure  with  square  planar  configurations 
perpendicular  to,  and  distorted  octahedra  with  the  longer  axis 
parallel  to  the  c  axis  of  the  unit  cell,  (d)  the 
La2 -xSrl +xCu2°6 -x/2+6  with  (4+1)  Cu-0  pyramidal  coordinations. 
The  small  solid  circles  are  copper  atoms,  the  large  open 
circles  are  oxygen  atoms,  and  the  shaded  circles  are  the  rare 
earth,  Y,  Ba,  or  Sr  atoms. 


Figure  3.  Transmission  electron  micrograph  showing  planar 
defects  in  YBa2Cu507  vniformly  spaced  about  2000A  and  dispersed 
in  the  specimens.  These  have  been  identified  as  twins  formed 
because  of  the  slight  difference  in  the  a  and  b  axes. 


PROCESSING  AND  PROPERTIES  OF  THE  HIGH  Tc 
SUPERCONDUCTING  OXIDE  CERAMIC  YBa2Cu3C>7 
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The  landmark  discovery  by  Bednorz  and  Muller  of  a  new  class  of 
superconducting  materials  in  the  lanthanum-barium  (strontium)-copper  oxide 
system, 1  with  critical  transition  temperatures  (Tc)  above  30K,  sparked 
unprecedented  interest  among  a  great  many  workers  in  a  wide  range  of  research 
areas.  The  ensuing  efforts  to  find  materials  exhibiting  superconductivity  at 
even  higher  temperatures  led  to  the  report  by  Chu  and  coworkers  of  a  two  phase 
oxide  ceramic  system  exhibiting  onset  of  superconductivity  above  90K.2 
Subsequent  work  which  identified  one  of  the  phases,  YBa2Cu307  (YBC),  as  the 
oxide  responsible  for  superconductivity  provoked  a  tremendous  amount  of 
research  on  this  compound  (although  the  search  for  materials  with  even  higher 
Tc's  continues  unabated).  Our  work,  first  with  the  Bednorz  and  Muller 
materials-**^  and  more  recently  with  YBC, 5, 6  has  been  directed  primarily  toward 
finding  processing  conditions  leading  to  dense  bulk  and  thick  film  materials 
while  equaling  or  exceeding  currently  attainable  superconducting  properties. 
Toward  this  end  we  have  sought  to  correlate  processing  parameters  with 
mi crostructural  and  crystalline  parameters  and  to  provide  high  quality,  well 
characterized  samples  suitable  for  detailed  investigations  of  fundamental 
physical  and  superconducting  properties. 

Of  the  various  methods  available  for  the  preparation  of  high  Tc  YBC,  the 
one  we  usually  employ  is  as  follows:  (a)  mix  and  grind  appropriate 
proportions  of  BaC03,  CuO  and  Y2O3  predried  powders;  (b)  calcine  for  6-12  h  at 
900-950°C  in  air  with  intermediate  grindings;  (c)  grind  and  cold  press  into 
pellets  (or  other  shapes);  (d)  sinter  in  air  or  flowing  oxygen  at  925°C  for 
about  12  h;  (e)  cool  slowiy  in  flowing  oxygen  at  about  l°C/min  or  hold  between 
500-600°C  for  several  hours. 

Carried  out  properly,  the  aforementioned  procedure  produces  a  single 
phase  YBC  with  a  well  defined  orthorhombic  distortion  of  1.3-1. 9%  (from  the 
tetragonal);  concomitant  with  this  are  superior  superconducting  properties,  as 
indicated  by  sharp  transitions  above  9QK  and  complete  flux  expulsion.  The 
procedure  must  be  monitored  carefully,  however,  to  ensure  that  the  formation 
of  YBC  is  taking  place  at  each  step  of  the  process.  A  number  of  steps  are 
critical.  First,  we  have  found  that  heating  YBC  in  air  at  temperatures  above 
950°C  gradually  decomposes  the  phase,  with  a  green  colored  phase,  Y2BaCuOx, 
and  CuO  being  formed  as  a  result.  This  "eaction  is  'eve.rsible;  heating  below 
953°C  in  air  gradually  "eforms  the  superconduct i ng  phase.  Heating  in  flowing 
oxygen  raises  the  stability  of  YBC  to  at  least  975°C.  We  have  taken  badly 
segregated  samples  containing  little  or  no  YBC  and  converted  them  into  YBC  by 
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this  treatment,  thus  confirming  the  reversibility  of  the  process.  Second, 
slow  cooling  in  oxygen  or  air  or  holding  at  500-600°C  is  necessary  to  form  a 
phase  with  a  well  characterized  orthorhombic  distortion.  Results  suggest  that 
the  rate  of  cooling  required  is  dependent  in  part  on  the  extent  of  connected 
porosity,  with  greater  porosity  permitting  a  faster  cooling  rate  (on  the  order 
of  l°C/min)  than  is  advisable  in  samples  with  lower  porosity;  presumably  such 
porosity  facilitates  the  incorporation  of  oxygen  necessary  for  the  formation 
of  the  high  Tc  superconducting  orthorhombic  phase  (vide  infra). 

Other  means  of  processing  have  also  been  the  subject  of  study.  One 
effort  has  involved  seeking  an  alternative  to  the  use  of  BaC03  as  the  source 
of  barium  for  YBC.  In  addition  to  its  relatively  high  decomposition 
temperature  (over  875°C),  any  undecomposed  BaC03  present  in  a  green  body 
generates  CO2  during  sintering,  thus  creating  a  gas  phase  barrier  to  the 
oxygen  incorporation  required  to  form  the  orthorhombic  phase.  Use  of  barium 
oxide,  particularly  in  the  finely  powdered  form  required  for  dense  samples, 
requires  great  care  in  avoiding  exposure  to  humidity  and  CO2,  since  the 
readily  formed  hydroxide  and  carbonate  both  decompose  at  relatively  high 
temperatures.  We  also  observed  the  earlier  reported'  poor  stability  toward 
hydrolysis  of  Ba4Y207  while  evaluating  it  as  a  starting  material. 

Another  procedure  involved  vacuum  hot  pressing  the  prereacted  materials 
prepared  as  above  in  place  of  sintering  (step  d),  or  reaction  vacuum  hot 

pressing  with  the  appropriate  portions  of  the  predried  powders  (step  a).  In 

one  variation  of  the  latter,  2%  by  weight  of  the  sample  of  BaF2  was 
substituted  for  an  equivalent  amount  of  the  BaCC>3  in  an  effort  to  achieve 
better  densification.®*^  The  amount  of  BaF2  used  in  this  latter  procedure  is 
considerably  less  than  the  stoichiometric  quantities  used  by  other  workers.11 
Prereacted  powder  produced  a  sample  with  a  hot  pressed  density  of  about  73%. 

X-  ray  peaks  were  found  for  BaC03,  CuO,  and  possibly  Y3a2CuO,  but  none  of  those 
associated  with  either  the  reduced  tetragonal  or  the  more  fully  oxidized 
orthorhombic  phase  of  YBC  were  present.  However,  reoxidation  of  the  hot 
pressed  sample  at  975°C  for  over  36  h  followed  by  slow  cooling  with  a  2  h  hold 

at  700°C  produced  a  material  with  an  orthorhombic  structure  (YBC)  and  a  strong 

Meissner  effect.  When  BaF2  was  used  compaction  was  achieved  at  a  lower 
temperature  than  with  the  prereacted  powders  as  expected,  but  the  reaction  was 
incomplete  even  though  the  sample  was  hot  pressed  at  950°C  for  15  min.  BaC03, 
RaF;>,  and  CuO  we~e  found  in  the  hot  pressed  disk  by  X-~ay  analysis,  and 
densi f i cati on  was  incomplete;  the  as-hot  pressed  density  was  only  about  60%  of 
the  theoretical  value,  and  upon  reoxidation  it  decayed  to  approximately  60%. 
However,  in  spite  of  these  difficulties  the  reoxidized  samples  were  found  to 
be  YBC  by  X-ray  diffraction  and  to  have  superconducting  properties,  as 
demonstrated  by  a  strong  Meissner  effect  and  a  sharp  transition  to  near  ze~o 
,'esi stance  between  90K  and  92K. 

Selected  physical  and  superconducting  properties  of  YBC  samples  prepared 
by  sintering  in  air  or  oxygen  are  presented  in  Table  1,  which  also  includes 
-eferences  to  more  detailed  measurements,  e.g.  phonon  spectra.  Optical 
microscopy  (figure  1)  shows  that  nearly  all  grains  of  YBC  have  significant 
amounts  of  stations.  It  is  believed  these  striations  result  from  twinning 
associated  with  the  orthorhombic  distortion,  as  also  seen  by  Beyers  and 
coworkers  using  TEM.1^  We  are  using  TEM  to  explore  the  nature  of  the  twinning 
and  to  investigate  the  grain  boundaries  (figures  2  and  3).  An  important 
question  in  resistivity  and  critical  current  measurements  is  whether  there  are 
any  grain  boundary  impurity  phases.  Our  preliminary  results  suggest  that  most 
boundaries  are  f~ee  of  these  impurity  phases;  some,  however,  are  separated  by 
a  thin  impurity  phase.  This  no  doubt  is  the  "esult  of  a  small  shift  f~om  the 


stoichiometric  composition. 

In  other  work  we  have  determined  conditions  for  retaining  at  room 
temperature  the  high  temperature  tetragonal  YBC  phase.  We  index  the  x-ray 
diffraction  data  from  the  samples  assuming  that  they  all  are  orthorhombic,  but 
when  the  distortion  is  less  than  0.25%  the  phase  is  considered  to  be 
tetragonal.  The  composition  of  this  phase  is  probably  YBa2Cu306>5,  thus 
indicating  that  the  phase  is  oxygen  deficient  relative  to  the  orthorhombic 
phase.  The  tetragonal  structure  is  found  in  samples  that  are  rapidly  cooled 
from  800-900°C  and  in  which  there  is  insufficient  time  for  the  sample  to  reach 
thermodynamic  equilibrium  with  the  ambient  atmosphere.  Conditions  for 
retaining  the  phase  vary  from  sample  to  sample  and  seem  to  depend  on  the 
extent  of  sintering.  In  several  samples  with  well  defined  tetragonal 
structures  the  sintered  density  was  90%  or  better,  making  it  difficult  to 
achieve  equilibrium  with  oxygen  on  cooling.  The  superconducting  properties  of 
tetragonal  samples  are  inferior  to  those  with  orthorhombic  distortions.  We 
found  Tc(onset)  values  of  55K  and  R=0  at  35K.  Other  samples  with  tetragonal 
structures  had  higher  Tc(onset)  values  (90K)  but  very  broad  transitions 
(30-50K),  possibly  indicating  a  mixture  of  tetragonal  and  orthorhombic  phases. 
These  samples  show  very  small  Meissner  effects  (10%)  compared  to  the  complete 
expulsion  of  magnetic  flux  observed  with  the  pure  orthorhombic  phase.  These 
results  strongly  suggest  the  importance  of  the  orthorhombic  distortion  in 
achieving  high  Tc  values  and  the  importance  of  the  linear  Cu-0  chains  which 
cause  the  distortion. 
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Table  1.  _ _P_h/ sj_c_a T_ _a_nd  _Su iperxon du ct i ng  _Pr operties  of  Y3 C 


Lattice  Parameters  (A 
a 
b 

c  . 

Volume  (A3) 

%  Distortion 
Oxygens  per  unit  cel  1 

^c (onset)  (*) 

R=0  (K) 

%  flux  expulsion 
p  (94K)  (ufi-cm) 
(dHc/dT)|Tc  (kS/K) 

HC2(0)  (kG) 

Hcl  (4.2K)  (kG) 

H c ( 0 )  (kG) 

Jc  (4K)  (A/cm2) 

Photoemi ssion 
Phonon  Spectrum 
Magnetization 
AC  susceptibility 


3.822+0.0002 

3.888+0.0002 

11.672±0.005 

173.4 

1.7 

6.94* 

93 

91 

100 

200 

22-36T 
1470-2370"*" 
2.5T 
20-26"*’ 
105t§ 
see  Ref.  13* 
see  Ref.  14* 
see  Ref.  6  * 
see  Ref.  15* 


wi 


^Determine  by  neutron  diffraction  refinement  of  the  crystal  structure, 
see  Reference  14. 

^ee  Reference  12. 

§Determined  from  magnetization  measurements. 

*To  be  published. 
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Figure  Captions 


Fig.  1.  Optical  micrograph  of  YBa2Cu307  showing  striations  in 
individual  grains. 


Fig.  2.  Dark  field  (A) 
showing  the  twinning  in 
boundary  in  (B)  is  free 


and  (B)  bright  field  TEH  micrographs 
orthorhombic  YBa2Cu307.  The  grain 
of  impurity  phases. 


Fig.  3.  Impurity  phase  in  grain  boundary  separating  two  YBC 
grains.  Dark  field  TEM  micrograph. 


Domain  like  defects  observed  in  high  temperature 
superconductor  of  Y-Ba-Cu-0  system. 


C.  S.  Pande*  and  A.  K.  Singh* ,  L.  Toth**,  D.  IJ.  Gubser**,  and  S.  Wolf* 

*Nava1  Research  Laboratory 
Washington,  DC 
♦Crystal  Growth  Associates 
Lanham,  MO 

**0n  Sabbatical  leave  from  National 
Science  Foundation 

Abstract 

Extensive  transmission  electron  microscopy  of  the  high  superconductivity 
transition  temperature  oxide  Y  Ba2  Cu3  0X  reveals  the  presence  of  planar 
defects  along  [110]  direction  uniformly  more  or  less  spaced  (spacing  "  2000A0) 
and  dispersed  throughout  the  specimens.  These  defects  persisted  on  cooling 
upto  the  transition  temperature  (93°K),  but  disappeared  on  heating  above  400°C 
in  insitu  experiments  inside  the  electron  microscope.  Possible  role  of  these 
'domains'  or  interfaces  in  superconductivity  is  discussed. 


,v‘. 


The  structure  of  the  new  (above  90K  superconducting  transition  temperature) 
superconductor  Y  Ba2  Cu3  0X  has  been  found  to  be  related  to  perovskites.  [1] 
However  the  value  of  x  is  not  9,  as  expected  for  a  typical  perovskite,  but  has 
a  value  in  most  cases  of  about  7  ie  about  one  quarter  of  the  oxygen  atoms  are 
missing.  In  addition  it  appears  that  the  high  temperature  superconducting 
phase  is  not  tetragonal  but  orthorhombic,  the  a  axis  being  about  1.6%  longer 
than  the  ‘ b ’  axis.  The  orthorhombic  structure  may  be  a  result  of  the  way 
oxygen  and  vacancies  occupy  oxygen  positions.  In  addition,  several  workers 
have  reported  planar  defects  in  these  materials,  which  have  been  variously 
identified  as  ‘twins'  [2]  antiphase  boundaries  [3]  and/or  extrinsic  planar 
faults.  [4],  The  aim  of  this  note  is  to  report  the  results  a  detailed 
transmission  electron  microscopy  and  electron  diffraction  study  including 
insitu  heating  and  cooling  observations  on  thin  foils  of  well  characterization 
high  Tc  superconductors  Y  Ba2  Cu3  0X  with  a  Tc  of  93°K  and  Tc  width  of  about 
2K.  The  bulk  superconducting  material  was  prepared  by  mixing  and  grinding 
appropriate  portions  of  BaCo3,  CuO  and  Y2O3  predried  powders,  then  calcined  for 
b-12  hours  at  900-950°C  in  air,  with  intermediate  graindings,  ground  and  cold 
pressed  into  pellets,  suited  in  flowing  oxygen  at  925°C  for  12  hours  and 
finally  cooled  slowley  in  flowing  oxygen  at  about  l°C/minute.  This  produced 
almost  a  single  phase  compound  with  a  well  defined  orthorhombic  distortion  (as 
determined  from  x-ray  measurements)  of  1.6%  from  tetragonal.  The  composition 
of  the  supercondut i ng  phase  is  probably  very  close  to  YBa?  ^u3  06.5  i.e.  oxygen 
Jet i c i ent . 

The  electron  microscope  specimens  were  prepared  either  (a)  by  finely 
grinding  the  bulk  specimen  and  floating  the  powder  in  water  and  scooping  the 
thin  flakes  on  electron  microscope  copper  grids  coated  with  carbon  or  by  ion 
milling  with  grazing  Ar  ions  at  an  accelerating  voltage  of  5KV,  till 
perforation.  The  planar  defect  as  well  as  other  lattice  defects  observed  ny 


electron  microscopy  on  the  specimens  obtained  by  the  two  methods  were 
indistinguishable  from  each  other  indicating  that  the  defects  observed  were  not 
artifacts  of  our  experimental  procedure  and  that  the  defects  are  not  due  to 
radiation  damage  during  ion  milling.  The  transmission  electron  microscopy  was 
done  at  an  accelerating  voltage  of  200KV  using  JEOL  200CX  transmission  electron 
mi croscope. 

Observing  along  the  c  axis  [(001)  orientation]  invariably  all  the  grains 
show  the  planar  defects.  Figure  1  is  electron  micrograph  and  Fig.  2 
diffraction  pattern  from  the  same  region.  The  direction  of  these  faults  are 
along  [110].  Thin  plates  are  twin  related  to  each  other  and  are  shown  edge  on 
(ie.  twin  boundary  is  parallel  to  electron  beam).  The  electron  diffraction 
pattern  (Fig.  2)  shows  the  splitting  of  spots  along  only  one  of  the  diagonal 
and  the  separation  increases  in  higher  order  reflections.  This  can  be 
explained  by  twinning  on  [110]  plane  in  these  orthorhomic  crystals.  Due  to 
slight  difference  in  "a“  and  "b"  parameters,  and  twinning  the  diffraction 
pattern  will  show  the  splitting  of  spots  along  one  of  the  diagonal  spots  but 
not  in  other  diagonal.  Direction  of  splitting  will  be  perpendi cul ar  to  the 
diagonal.  This  is  exactly  what  we  are  observing  in  the  diffraction  pattern. 

The  angular  value  of  the  splitting  assuming,  a  orthorhombic  structure,  and  the 
fact  that  the  splitting  is  due  to  twinning  can  be  derived  to  be 

-La-b,  * 

o  =  4  tan  ^a+bj  a+b  if  a  =  b 

where  a,  and  b,  values  for  the  structure  for  the  present  compound  was 
determined  from  x-ray  measurement  to  be  3.86A0  and  3.82A0  respectively  giving  „• 
-  .03  radian  in  excellent  agreement  with  the  experimental  value  measured  (0.3) 
from  Fig.  2.  A  schematic  arrangement  of  the  interface  is  shown  in  Fig.  3.  The 
difference  between  'a'  and  ‘ b '  axes  is  exaggerated.  Very  high  contrast  of 
boundaries  should  be  noted,  due  probably  to  stress.  After  tilting,  as 


expected,  these  boundaries  give  the  fringe  contrast  which  is  shown  in  Fig.  4. 
Figure  5  is  another  electron  micrograph.  Two  orthogonal  sets  of  domains  are 
(sometimes  but  rarely)  observed.  Electron  diffraction  can  again  be  well 
explained  on  the  basis  of  [HO]  twinning. 

In  situ  heating  and  cooling  experiments  were  done  inside  the  electron 
microscope.  First  the  specimen  was  cooled  gradually  to  liquid  nitrogen 
temperature.  No  change  in  shape  or  size  or  electron  diffraction  pattern  was 
observed;  It  appears  that  cooling  had  no  effect  on  these  domains  upto  a 
temperature  close  to  the  transition  temperature  of  the  material.  The  specimen 
was  then  gradually  warmed  from  liquid  nitrogen  temperature  upto  a  temperature 
of  150°C.  Again  no  visible  changes  were  observed.  All  the  observations  were 
made  at  a  magnification  of  around  x50K.  The  temperature  was  then  suddenly 
raised  to  above  400°C.  When  the  twin  interfaces  became  sharper  and  then 
quickly  disappeared  throughout  the  specimen.  On  cooling  many  of  the  domains 
reappeared.  The  domains  thus  appear  to  be  stable  from  about  liquid  nitrogen 
temperature  to  upto  about  400°C. 

Although  is  has  not  yet  been  determined  from  independent  measurements  that 
these  oxide  superconductors  are  ferroelectric,  the  planar  interfaces  observed 
by  us,  bear  strong  resemblance  to  90°  ferroelectric  domains.  Planar  interface 
in  these  superconducting  compounds  have  been  observed  by  several  workers, 
however,  this  is  probably  the  first  time  that  they  have  been  definitely 
cnaracteri zed  as  twins  by  extensive  transmission  electron  microscopy  and 
electron  diffraction.  Chen  and  coworkers,  [37]  for  example  identified  these 
planar  defects  as  antiphase  boundaries.  Our  results  are  not  in  accord  with 
this  interpretation  unless  vacancy  ordering  is  considered.  However 
orthorhombic  a  and  b  axis  do  alternate  across  the  boundary  as  pointed  out  by 
them.  One  interesting  property  of  these  interfaces  is  that  they  break  the 
linear  CuO  chains.  Schuller  et  al  [5]  have  recently  suggested  that  the  main 


diffraction  between  the  tetragonal  and  orthorhombic  phase  is  that  in  the 
former,  the  long  range  ordering  of  the  oxygen  vacancies  in  Cu-0  planes  is 
non-existent,  i.e.  one  dimensional  Cu-0  chains  are  absent.  Whereas  in 
orthorhombic  structure  they  are  present.  The  ordering  of  oxygen  and  vacancies 
have  recently  been  treated  as  an  order  disorder  problem  by  de  Fontain  and  Moss. 
[6]  The  other  role  of  these  interfaces  could  be  in  providing  sites  for 
semiconductor-metal  transition,  assuming  the  interfaces  to  behave  like  a 
semi  conductor. 
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Legend  of  Figures 

Fig.  1  Transmission  electronmicrograph  Y  Ba2Cu30x  polycrystal.  The  parallel 
domains  are  on  the  average  ~  2000A0  apart,  and  aligned  along  [110]  direction. 
The  interfaces  are  seen  edge  on.  The  orthorhombic  a  and  b  axes  are  found  to 
alternate  along  these  interfaces. 

Fig.  2  Electron  diffraction  from  the  same  region  and  orientation  as  in  Fig.  1 
Notice  the  splitting  of  spots  along  one  direction. 

Fig.  3  A  schematic  diagram  of  the  interface.  The  difference  between  'a'  and 
‘ b ’  axes  is  exaggerated. 

Fig.  4  Transmission  electron  micrograph  of  the  interfaces  showing 
fringe  contrast. 

Fig.  b  Transmission  electron  micrograph  showing  two  set  of  interfaces  at 
approximately  right  angles  to  each  other. 
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ABSTRACT 

Neutron  scattering  has  been  used  to  study  the  vibrational  density  of 
states  and  the  atomic  structure  of  the  high  temperature  supe rcoduc to r 
YBa^Cu^O^.  The  oxygen  atoms  were  found  to  occupy  four  sites  and  to  form 
chains  along  the  b  axle  direction  of  the  orthorhombic  Pmmm  cell.  The 
density  af  states  shows  a  strong  double  peak  at  about  20  meV  and  a  second 
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Mjor  maximum  n«*r  70  meV  vlth  additional  loss* Intense  features  present  at 
intermediate  energies. 


INTRODUCTION 

The  discovery  of  superconductivity  above  90  K  by  Wu  et  al .  *  in  a 

polyphase  sample  of  composition  Y,  ^Ba^  gCu0x  and  the  subsequent 

2 

Identification  of  the  superconducting  phase  has  prompted  Intense  efforts  in 
determining  the  properties  of  this  and  analogous  compounds  in  the  Y-Ba-Cu-0 
phase  diagram. 

Neutron  scattering  can  provide  unique  information  about  these  materials 
due  to  its  strong  sensitivity  to  the  oxygen  scattering.  As  will  be  shown 
later,  this  is  represented  in  both  the  static  (structural)  information  and 
in  the  dynamics  (phonons) . 

The  materialr  discussed  here  were  prepared  at  the  Naval  Research 
Laboratory  from  99.9%  purity  starting  materials  of  YjO^,  CuO,  and  BaCC>3  and 
were  of  nominal  composition  YBejCujO^.  The  powders  were  predried  to  remove 
adsorbed  HjO  and  then  premixed  carefully  to  break  up  agglomerates.  The 
premixed  powders  were  calcined  at  temperatures  of  900  -  950*C  for  a  period 
of  six  hours  with  hourly  Intermediate  regrindings.  The  degree  of  chemical 
reaction  was  monitored  by  x*rays.  The  calcined  powders  were  then  ground  and 
cold-pressed  into  pellets  of  1-2  gm  slzs  and  sintered  for  12  hours  at  937 
’C.  The  samples  were  finally  annealed  under  oxygen  At  900  *C  for  three 
hours  and  then  furnace  cooled  at  1*  per  minute  to  300  *C  before  removal  from 
the  furnace.  Individual  pellets  were  characterized  with  x-ray  diffraction 
and  found  to  be  identical. 
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The  staples  were  examined  for  superconductivity  by  four  probe 
reeistenco  measurements  end  by  dc  susceptibility.  The  resistance  dec*  (see 
n*.  I)  shoved  the  first  deviation  from  a  linear  temperature  dependence  at 
taaperatures  In  excess  of  113  K.  Between  115  R  and  93  K  the  sample 
resistance  drops  by  about  10%  froa  a  straight  line  extrapolation  of  the  high 
T  data.  At  93  K  the  resistance  drops  sharply  and  the  sample  is  fully 
superconducting  at  91  K.  The  magnetic  moment  measured  in  a  dc  field  of  100 
gauss  is  shown  in  Fig.  2  and  shows  an  onset  of  diamagnetic  behavior  at  92  K. 
The  transition  la  complete  around  30  K  and  corresponds  to  a  flux  expulsion 
of  greater  than  60%.  Geometric  consideration*  limit  the  precision  of  the 
flux  expulsion  fraction. 


STRUCTURE  OF  THE  COMPOUND 

Unlike  x-ray  diffraction,  neutron  diffraction  is  strongly  sensitive  to 
th#  oxygen  atoms  and  thus  a  rather  precise  determination  can  be  made  of  both 
position  and  occupation  of  the  oxygen  eltes  in  these  compounds  .  The 
technique  of  total  profile  refinement  was  applied  to  the  powder  diffraction 
data  taken  on  the  five-detector  powder  Instrument  at  the  National  Bureau  of 
Standards  Reactor.  From  this  refinement  It  was  determined  that  the  compound 
haa  orthorhombic  symmetry  of  apace  group  Pmrara,  end  that  the  stoichometry  of 
the  compound  waa  YBajCu^O^  with  an  uncertainty  of  0.01  in  the  oxygen 
composition.  The  lattice  parameters  (aQ  -  3.8220  A,  bQ  -  3,8855  A,  and  cq  - 
11.6797  A)  and  atomic  positions  determined  from  the  refinement 
were  essentially  identical  to  those  found  by  Beech  etal.^  from  a  sample 


prepared  by  a  similar  procedure  and  having  nearly  identical  superconducting 
properties.  The  structure  of  this  compound  is  shown  in  Figure  3.  The 


essential  features  are  that  the  copper  atom  Cu(l)  is  located  at  the  center 
of  a  distorted  rectangle  formed  by  two  0(4)  atoms  and  two  0(1)  atoms .  This 
forms  oxygen  chains  along  the  b  axis,  alternated  with  Cu  (1)  atoms.  This  b- 
axis  atom  conflguatlon  is  presumably  responsible  for  the  orthorhombic 
distortion  versus  the  a  axis  direction  which  doee  not  have  the  oxygen 
chains.  The  second  Cu  site  Cu(2)  is  also  surrounded  by  four  oxygen  atoms  in 
sites  0(2)  and  0(3)  which  are  almost  co-planar  and  form  a  tetrahedron  with 
the  0(1)  site.  The  Cu(2)  atom  is  slightly  displaced  from  the  oxygen  plane. 
The  0(1),  0(2),  and  0(3)  sites  are  fully  occupied  in  this  compound,  while 
the  0(4)  site  contains  a  small  deficiency  of  0.05  atom  (total  oxygen 
concentration  is  6.95  atoms/formula  unit). 

It  should  be  noted  that  the  thermal  factors  refined  from  the  neutron 
deta  are  of  comparable  magnitude  for  the  0(2)  end  0(3)  sites  (2W  *  0.6), 
and  Is  somewhat  larger  for  the  0(1)  site  (2W  *  0.92)  and  anomalously  large 
for  the  0(4)  site  (2W  *  2.02).  This  suggests  that  considerable  dynamic 
fluctuations  may  occur  for  atoms  in  tha  0(4)  site  of  the  b  axle  chain. 

PHOHOH  DENSITY  OF  STATES 

The  question  of  an  electron- phonon  driven  superconducting  transition  in 
these  compounds  makes  a  determination  of  the  vibrational  modes  important. 
Unfortunately  due  to  the  absence  of  large  single  crystals,  a  phonon 
dispersion  measurement  can  not  perfomed.  Instead  «  measurement  has  been 
made  of  the  wave  vector  (q)  averaged  vibrational  density  of  states. 

The  vibrational  density  of  states  v*s  obtained  from  the  inelastic 
neutron  scattering  data  using  the  Incoherent  approximation;  that  is  we  have 
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MiuMd  that  the  dynamic  coherent  scattering  function  can  bo  replaced  by  let 
lncohoront  counterpart**5.  Within  this  formalism,  eho  scattering  function 
Is  glvtn  by* 


dOd w  k 


if1-  fi 


whore  l^(w)  Is  defined  by 


It<«)  -  «5*71)2e*2Wl> 


Hero  k  end  k'  ere  the  magnitudes  of  the  Incident  end  flnel  neutron 
vevevectors,  0  is  the  scattering  vector,  n(w)  is  the  Bose  occupation  factor 
for  e  vlbretlonel  state  of  energy  w,  end  Xj,  m^  a  end  ere  the  atomic 
concentration,  nuclear  mess,  total  scattering  cross  section,  and 
displacement  vector  of  the  1th  atomic  species  respectively,  is  the  Debye- 
Waller  factor,  which  was  assuamed  to  be  negllgble  the  sample  temperatures 
in  this  study,  and  the  brackets  indicate  that  an  average  has  been  taken  over 
all  sites  of  type  1  and  over  all  modes  of  energy  «.  Finally,  g  ^>) 
represents  the  density  of  states  for  the  ith  constituent,  which  is  defined 


g^w)  -  1  V 
0 


where  the  sum  is  taken  over  all  normal  modes .  Therefore  the  scattering  does 
reflect  the  phonon  density  of  states,  however  the  contributions  from  the 
different  species  are  weighted  by  the  values  of  l^(w).  From  equation  2  one 


•••«  that  the  Important  quantity  in  determining  thla  weighting  la  th«  total 
scattering  croaa  faction  divided  by  the  mass.  For  0,  Cu,  Be,  and  Y  cheaa 
valuea  are  0.26,  0.12,  0.043,  and  0.08  (bama/aau)  respectively .  it  la  then 
evident  that  our  reaulea  will  over-eaphaaiae  those  nodee  in  which  the  oxygen 
atoaa  play  a  predoalnent  role. 

The  inelastic  neutron  scattering  data  were  collected  using  a  triple¬ 
axis  instrument  located  at  the  MBS  reactor.  The  low  energy  portion  (  w  s  25 
neV  )  of  the  density  of  states  was  obtained  using  the  constant  Q  node  with  a 
fixed  final  energy  of  13.8  meV.  Pyrolytic  graphite  (<002)  reflection)  was 
used  for  both  the  monochromator  and  analyzer  and  a  graphite  filter  was 
placed  In  the  scattered  beam  to  remove  harmonic  contamination.  The 
colllmatlon  was  40 ' -40 ' -40'  •  80 '  yielding  a  resolution  of  about  1-3  meV  in 
the  range  of  energy  transfers  probed  with  the  triple-axis  configuration. 
Data  were  taken  at  aeveral  valuea  of  the  scattering  vector  between  3.3  and 
3.0  A'1  end  then  averaged  in  order  to  assure  that  the  Incoherent 
approximation  was  Indeed  satisfied. 

This  spectrometer  is  also  equipped  with  a  Be-graphite  -  Be  filter 
analyzer  assembly.  In  this  case,  the  analyzer  was  fixed  et  a  scattering 
angle  of  90*  allowing  Q  to  vary  as  a  function  of  anergy.  Data  were 
collected  between  20  and  40  maV  with  a  graphite  monochromator  and 
colllmatlon  of  40’ -20*  yielding  energy  resolutions  between  2  and  3  meV.  At 
larger  energy  transfers  (  33  meV  3  u>  s  130  meV  ) ,  a  Cu  monochromator  ((220) 
reflection)  was  used  with  a  colllmatlon  of  60' -40’  therby  giving  a 
raaolutlon  of  2-6  meV.  Ho  colllmatlon  was  placed  after  the  sample  thus 
yielding  tome  averaging  over  the  scattaring  vector,  despite  the  fact  that 
data  were  collected  at  only  one  average  scattering  angle.  In  addition,  the 
scattering  vector  was  relatively  large,  thereby  minimizing  the  effects  due 
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to  eohoront  scattering.  Considering  these  factors  end  the  results  of 
previous  neutron  scattering  etudias  concerning  the  density  of  stetes  of 
ooherent  ecetterers* ' 7 * 8 ,  we  conclude  that  any  effects  due  to  coherent 
scattering  will  only  be  aanifested  in  the  relative  Intensities  of  the 
various  features  end  that  they  will  affect  the  relative  intensities  by  at 
most  25%,  or  approximately  the  site  of  the  error  bars. 

The  contribution  to  the  scattering  fron  the  fast  neutron  background  was 
measured  and  subtracted  directly.  The  scattering  from  the  saaple  can  was 
measured  and  found  to  be  negligble.  Multiphonon  and  multiple  scattering 
corrections  were  obtained  by  extrapolation  from  energies  where  one  phonon 
scattering  is  absent.  The  data  were  also  corrected  for  all  of  the  energy 
dependent  factors  given  in  equation  1.  Then,  using  the  overlapping  energy 
regions  as  a  guide,  the  density  of  states  obtained  in  the  three  different 
energy  ranges  was  scaled  to  obtain  a  single  density  of  states. 

The  neutron  weighted  phonon  density  of  statec,  g(w) ,  of  YBaCu^07  at  120 

_  2 

K  is  shown  in  figure  4.  Below  9  raeV  g(w)  displays  the  typical  w  dependence 
characteristic  of  three  dimensional  systems.  At  an  energy  of  about  12  meV, 
there  is  a  small  peak  most  probably  due  to  a  tone  boundary  Interlayer  sheer 
mode.  The  density  of  states  then  further  increases,  reaching  a  large 
maximum  at  19-20  meV,  after  which  it  falls  to  shoulder  st  roughly  25  meV 
before  dropping  precipitously  to  a  minimum  st  28-30  meV.  There  ic  then  s 
broad  feature  centered  at  about  34  meV  where  the  data  displays  a  great  deal 
of  scatter  which  made  the  scaling  difficult  introducing  some  uncertainty  in 
the  relative  heights  of  the  low  and  high  energy  portions  of  the  density  of 
states  .  Close  inspection  of  this  region  shows  that  there  is  more  than  one 
point  at  several  of  the  energies.  These  points  correspond  to  date  tsken  in 
different  dsts  collection  modes  end  indicate  that  the  scaling  which  we  have 
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chosen  It  certainly  reasonable.  Ac  an  energy  of  44  mV,  cha  data  displays 
another  small  maximum  which  la  somewhat  narrower  chan  che  feature  at  34  meV. 
Than  above  30  aeV  g(w)  increaaea,  diplaying  a  ahoulder  at  about  60  aaV  and 
Chan  a  peak  at  70  maV  before  dropping  to  zero  at  about  90  meV.  The  data 
which  ia  oalcted  around  33  aeV  correspond*  to  a  region  of  anoaalous 
tranaalaaion  of  the  filter  analyzer  making  it  impossible  to  determine  the 
density  of  states  for  these  points.  We  also  note  that  the  high  energy  aodes 
certainly  Involve  the  0  atoms  therby  Increasing  their  relative  weight  In  the 
scattering.  Thus  the  rather  unusual  relative  height  of  the  low  energy  and 
the  high  energy  density  of  states  peaks  is  probably  due  to  the  the  degree  of 
0  atoa  participation  in  the  modes  in  these  energy  regions. 

We  have  alao  aeaaured  the  density  of  states  In  the  superconducting 
state  at  at  a  temperature  of  12  K.  The  only  difference  which  we  were  able 
to  clearly  discern  was  a  alight  shift  (  roughly  }  -  1  meV  )  In  the  energy 
range  of  10-20  meV  which  can  be  accounted  for  by  rather  typical  enharmonic 
affects,  All  other  differences  were  so  slight  that  they  may  easily  have 
bean  due  to  slight  differences  in  che  corrections  appllsd  to  the  data. 
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Figure  1.  Temperature  dependence  of  cho  resistance  of  a  samp  la  of 
YB«jCujO^  showing  that  tha  sasqjle  ia  fully  aupar conducting  at  91  K, 

Figure  2.  Temperature  variation  of  the  magnetization  In  an  applied  field  of 
100  gauss.  The  Meissner  effect  la  complete  around  30  K. 

Figure  3.  Structure  of  the  compound  aa  determined  from  neutron  diffraction 
shoving  location  of  the  four  0  sites,  2  Cu  sites  and  single  Be  and  Y  sites 
(from  Ref.  3) . 

Figure  4.  Vibrational  density  of  states  as  measured  vlth  Inelastic  neutron 
scattering.  The  largest  spectral  weight  is  contained  In  peaks  involving 
oxygen  vibrations  (see  text) . 
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ABSTRACT 

Since  the  middle  of  December  1987,  the  Naval  Research  Laboratory  (and 
its  collaborators)  has  had  a  program  to  study  the  very  exciting  new  class  of 
very  high  superconducting  transition  temperature  copper  oxides  based  on  the 
perovskite  structure.  We  have  attempted  to  assemble  a  synergistic 
combination  of  physicists,  ceramists,  chemists,  and  metallurgists  in  order 
to  synthesize,  and  characterize  these  materials  as  well  as  to  begin  the 
process  of  evaluating  them  for  specific  applications  of  interest  both  to  the 
DoD  and  the  more  general  community.  We  have  studied  both  the  40K 
superconductors  based  on  the  Kg  NiF4  structure  consisting  of  La2 -x-%cCu04 
where  M-Ba,  Sr  and  Ca  and  the  95K  superconductor  based  on  the  YBa2Cu307 
structure . 

The  bulk  samples  were  prepared  using  conventional  powder  ceramic 
processing  technique  from  powders  of  the  metallic  oxides  or  carbonates  and 
calcined  in  air  at  temperatures  ranging  from  850-1000  C.  The  samples  were 
cold  pressed  into  pellets  and  sintered  in  air  and  annealed  in  oxygen. 

Film  samples  are  being  prepared  by  sputtering,  electron  beam 
evaporation  and  chemical  vapor  deposition. 

The  samples  were  characterized  electrically  by  a  large  number  of 
techniques  including  resistance,  dc  and  ac  susceptibility,  magnetoresistance 
and  microwave  impedance.  The  structure  and  microstructure  were  studied  by 
electron  and  neutron  diffraction,  scanning  electron  microscopy,  transmission 
electron  microscopy,  electron  microprobe,  x-ray  and  ultraviolet 
photoemission  spectroscopy  and  electron  spin  resonance. 

Highlights  of  the  more  significant  result  of  our  program  are  discussed 
below. 


Structure  and  Microstructure 


X-ray  diffraction  studies  in  the  Y-Ba-Cu-0  system  enabled  us  to 
isolate  and  identify  the  phase  responsible  for  superconductivity  and  to 
locate  the  sites  for  all  the  atoms  in  the  structure  as  well  as  the  space 
group.  A  neutron  diffraction  study  completely  determined  the  precise  atomic 
positions  and  occupancy  of  all  the  sites  in  the  unit  cell.  We  associated 
the  superconductivity  with  Cu-0  chains  in  the  Cu-0  plane  between  the  Ba 
ions.  By  correlating  the  orthorhombic  to  tetragonal  conversion  in  the 
structure  as  the  oxygen  order  or  occupancy  was  changed.  Microstructural 
work  showed  that  the  fully  stoiciometr ic  compound  was  strongly  twinned  and 
orthorhombic  whereas  the  tetragonal  phase  of  the  structure  forms  well 
developed  elongated  crystallites  that  are  not  at  all  twinned. 
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Electrical  Measurements 


The  superconducting  transition  was  determined  by  a  combination  of  four 
lead  resistivity  and  ac  and  dc  susceptibility  measurements.  The  critical 
magnetic  fields  and  critical  currents  were  determined  by  a  combination  of 
SQUID  magnetization  measurements  to  9T  and  magnetoresistance  measurements  to 
13T.  The  best  40K  material  had  an  extrapolated  upper  critical  field  of 
about  90T  and  a  low  field  critical  current  density  well  in  excess  of  1000 
A/cm2  at  4K.  The  90K  superconductor  had  an  extrapolated  critical  field  in 
excess  of  200T.  The  ac  susceptibility  showed  a  peak  in  the  loss  component 
only  below  70  Hz  indicating  that  the  material  was  a  very  good  superconductor 
with  a  resistivity  of  approximately  200/ifl-cm.  The  microwave  surface 
impedance  measurements  showed  that  the  bulk  samples  had  a  sharp  onset  at 
lOGhz  with  a  very  large  penetration  of  the  fields. 


Inelastic  Neutron  Scattering 


The  phonon  density  of  states  was  measured  in  both  the  40K  and  the  90K 
superconductors.  The  most  significant  results  on  La1  8Sr  2CuOA  were  that 
there  was  a  very  sharp  peak  at  2.5  meV  and  a  very  large  peak  at  10  meV  in 
addition  to  a  number  of  peaks  at  higher  energy.  Neutron  diffraction  on  this 
sample  at  10K  clearly  showed  that  this  sample  had  an  orthorhombic  distortion 
of  about  0.2%.  Results  on  YBa2Cuj07  are  shown  in  Fig.  1. 


Ultraviolet  Photoemission  Spectroscopy 

These  measurements  represent  the  first  experimental  investigation  of 
the  electronic  structure  of  YB^  Cu^  Op  .  Resonant  photoemission  was  used  to 
assist  in  determining  the  chemical  origin  of  the  various  features  in  the 
electronic  structure.  No  sharp  Fermi  edge  was  observed  and  the  density  of 
states  at  the  Fermi  level  is  relatively  small.  The  binding  energies  and 
widths  of  the  various  peaks  are  as  follows: 


Cu3d/02p 

2.3 

2.0 

Cu3d/02D 

4.5 

3.0 

Y/Cu  satellite 

9.4 

1.9 

Cu  satellite 

12.4 

2.5 

Ba  Sp 

15.0 

2.9 

0  2S 

20.1 

3.3 

Y  4p 

24.0 

3.1 

Ba  SS 

28.8 

3.6 

Spectra  was  taken  at  room  temperature  as  well  as  just  above  and  below  the 
transition  temperature.  No  change  in  the  valence  band  electronic  structure 
was  observed  within  this  temperature  range . 
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High  temperature  superconduct ing  materials 
have  recently  been  found  in  a  class  of  metallic 
oxide  ceramics[l].  Superconducting  transition 
temperatures  Tc  as  high  as  95K  has  been  observed 
in  H|  B^  2  Cuj  0y  samples  where  M  is  Y  or  any  of 
the  4f  rare  earth  metals  except  Ce  and  Pr[2,3]. 
Superconductivity  has  also  been  observed  in 
Lai  a  «o  2Cui°4  wh*r®  N  is  Be,  Sr.  or  Ca  with  Tc 
up  to  40K[4j.  These  materials  fora  oxygen 
defect,  perovskite  crystal  structures  with  some 
unusual  features 

The  crystal  structures  of  these  ceramic 
superconductors  is  shown  in  figure  1.  The 
notable  feature  on  the  Lai  8  Sro  2Cut^4  system  is 
the  Cu  -  0  planes  perpendicular  to  the  c  axis 
These  planes  have  two  dimensional  nature  as 
evidenced  both  from  the  arrangement  of  the  atoms 
and  detailed  electronic  band  structure 

calculations  The  YiBajCujC^  compound  has  a 
different  atomic  structure  with  two  prominent 
features [5;  The  first  feature  is  that  the  Cu 
atoms  have  two  nonequivalent  sites.  one  having  a 
5  fold  coordination  number.  while  the  other 

has  a  4  fold  planar  coordination  number.  The 
Cu  -  0  bonding  with  four  fold  coordination  form 
linear  chains,  or  ribbons  along  the  b  axis  which 
leads  to  a  slight  o  r*“  ho  rhomb  .c  elongation  along 
this  axis.  Enhanced  superconductivity  has  been 
correlated  with  the  integrity  of  these  Cu  *  0 
chains . 

These  ceramic  superconductors  are  easily 
prepared  by  mixing  CuO.  BaCO,  and  Y  0  together  in 
the  proper  ratio  and  calcining  for  several  hours 
at  temperatures  naar  950K.  The  resultant 

powders  and  then  ground  mid  pressed  into  pellets 
for  sintering  at  900K  followed  by  lower 

temperature  oxygen  anneals  to  obtain  the  proper 

oxygen  stoichiometry.  Figure  2  shows  the 

microstructure  of  a  Yi8a2CujC7  sample  which  has 
been  prepared  In  the  above  manner 

Polycrystalline  samples  with  a  large  number  of 
twinning  plane  defects  are  evident  in  the 

photograph.  These  twinning  planes  ere  easily 
formed  in  the  high  Tc  orthorhombic  material 
because  and  oxygen  defect  can  easily  disrupt  the 
1 -dimension  CL  0  chains  and  start  growth  of  the 
chains  in  another  direction, 6]  By  quenching  the 
material  from  high  temperatures  a  metastable 
tetragonal  structure  can  be  formed  These 

materials  have  the  oxygen  atoms  in  the  4  fold 
coordination  site  randomly  occupying  the  a  and 
b  directional  sites,  show  little  evidence  of 
twinning  plane  faults.  mid  have  degraded 
superconducting  temperatures 


The  superconducting  transition  temperature 
of  the  ^  Ba^Ci^Or  material  is  shown  in  figure  3. 
It  has  a  sharp  transition  tx>  the  superconducting 
state  at  92K  with  a  preursor  to  the  transition 
beginning  over  100K.  The  corresponding  dc 
magnetic  transition  is  shown  in  figure  4.  This 
transition  has  an  onset  of  90K  and  is  broader 
than  the  resistive  transition,  presuaeably  do 
to  the  grsnualarity  of  the  sample  itself.  The 
total  change  in  magnetic  moment  represents  a 
90  -  10  %  total  flux  expulsion  from  the 
sample . 

In  addition  to  the  resistance  and  magnetic 
transitions.  we  have  measured  the  magnetization 
curves  as  a  function  of  temperature,  critical 
magnetic  fields,  critical  currents,  and 
microwave  losses.  U t  have  made  careful  X-ray 
structure  measurements  as  a  function  of 
teapercure  to  determine  the  temperature  dependent 
structure  variations.  Thin  film  materials  have 
also  been  made  mid  their  superconduc  ting 
properties  will  be  reported  In  addition  we 
have  measured  the  phonon  spectra  in  a 
collaborative  effort  with  the  National  Bureau  of 
Standards  These  and  other  properties  will  be 
discussed  in  the  talk. (7] 
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Figure  1.  Crystal  structure  unit  cells  the  the 
'JUSrUCuil)»  superconductor  (•)  snd  the  Y,  Ba2 
CU3O7  superconductor  (b) . 
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Figure  3.  Resistive  transition  of  the  Y,Bs,Cu,Ot 
superconductor  »  z  3  7 
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Figure  4.  DC  eagnetlc  transition  of  the 
Y,BajCuj07  superconductor 


Magnetic  Plaid  Stodim*  of  the  LAj^M^CuO^  and  **2T1CU3°7  Tc  SuP*rconductor* 
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Wa  hava  praparad  and  characterized  high  T=  aingla  phaaa  sample*  of  La (vhara  M  ■  Sr,  Ba,  or 

Ca  and  x  •  0.1,  0.2,  or  0.3)  and  Ba.Y.Cu  0^.  Wa  raport  on  tha  dc  luacaptibility ,  magnetization ,  and 
magnetoresistance.  Wa  hava  extracted  many  of  tha  critical  superconducting  and  normal  state 
parameters  from  tha  data. 


Superconductivity  In  La - Ba - Cu - 0  at  30  K  was 
reported  by  Bednorz  and  Muller  (11  Since  Chan 
other  compounds  with  a  transition  temperature,  T  , 

near  * 0  K  have  been  reported  [2],  [3].  In  tha 
Y-Ba-Cu-0  compound  a  T  above  90  E  was  reported  by 


Uu  et  al.  (4] 

materials.  La 


Ve  have  prepared  a  variety  of  these 


,  H  CuO, 
2-x  X  4 


(M  -  Sr,  Ba,  and  Ca)  and 


Ba^Cu^,  to  undertake  magnetic  field  studies  of 
chase  new  high  superconductors. 

7  EXPERIMENTAL  TECHNIQUES  AND  RESULTS 

Th*  Ul.SSr0.2Cu04'  L,l.9BVlC',04'  “nd 
La,  yC*0  3Cu04  samples  ware  prepared  as  described 

in  an  earlier  paper  [5],  This  procedure  produced 
nearly  single  phase  samples  with  the  KjNlF^ 

structure  as  determined  by  x-ray  diffraction.  Tha 
«VlCu3°7  sampler  were  prepared  under  processing 

conditions  which  produced  an  orthorhombic  structure 
(as  determined  by  neutron  and  x-ray  diffraction) 
with  two  one -dimensional  Cu  -  0  -  Cu  chains  on  the 
basal  plane  of  the  unit  cell  [6] . 

The  samples  were  first  cooled  In  a  SQUID 
susceptometer  In  a  small  (typically  100  C)  magnetic 
field.  The  augnetlxatlon  data  (see  Table  1)  for 
the  La j  ^H^CuO^  (H  -  Ba  and  Ca)  showed  diamagnetic 

onsets  at  20  R  and  31  E  with  10*  and  20*  flux 
expulsion  at  10  E  (the  lowest  temperature  measured) 
respectively.  The  curves  were  not  flat  at  10  E 
indicating  that  tha  sample*  were  still  expelling 
flux.  The  presence  of  these  broad  transitions  with 
small  flux  expulsion  along  with  the  x-ray  data 
Indicating  nearly  tingle  phase  materials  is  a 
manifestation  of  the  oxygen's  Importance  In  the 
superconductivity  (x-rays  do  not  couple  strongly  to 
oxygen) .  The  M  -  Sr  sample  had  an  onset  at  36  E 
with  40*  flux  expulsion  at  10  E  and  the  BSjYjCUjO^ 

sample  showed  the  onset  at  93  E  with  90  -  100*  flux 
expulsion  by  40  E. 

The  samples  were  next  warmed  above  their 
transition  temperatures,  cooled  In  zero  field  and 
magnetization.  N,  versus  field,  H,  measurements 
were  made  with  fields  up  to  80  kG.  All  of  the 
samples  have  hysteretlc  H  vs.  H  curves 
characteristic  of  type  11  superconductors  with  flux 
pinning  centers.  The  lower  critical  fields,  Hcj. 


for  the  La j  ^N^CuO^  materials  are  100 


300  G  at  10 
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E,  Tabla  I.  Tha  critical  currents,  estimated  from 
the  hysteresis  In  the  K  vs .  H  curve  ( 7 ] ,  are  rather 
low  at  10  X.  A  series  of  measurements  on 
La-  gSrQ  2Cu04  at  several  temperatures  shows  a 

2 

critical  current  of  4000  A/cm  at  4.2  K  which 
degrades  dramatically  at  higher  temperatures. 

The  4.2  E  magnetization  data  for  the  BaYCuO 
sample  was  highly  hystaretlc.  Fig.  1.  Tha  lower 
critical  field  was  -2.5  kC  (see  Insert  on  Fig.  1) 

5  2 

and  the  critical  currant  was  10  A/em  consistent 
with  the  results  reported  by  IBM  (8) . 

The  upper  critical  fields  for  these  materials 
were  measured  by  monitoring  the  samples'  4-probe 
resistance  as  the  temperature  was  swept  in  a 
constant  magnetic  field.  The  magnetorsslstance  of 
the  carbon  glass  thermometer  was  taken  Into  account 
In  determining  the  temperature.  The  critical 
temperature  In  a  given  field  was  taken  as  that 
temperature  where  the  sample  resistance  was  SO*  of 
the  normal  value. 

The  magnetic  field  significantly  broadened  the 

transition  for  the  lower  T  materials.  This  Is 
c 

perhaps  due  to  lnhomogeneltles  In  these  samples.  A 
field  of  100  kG  has  a  nagllgable  effect  on  the 
onset  temperature . 

In  Fig.  2  Che  critical  field  Is  plotted  as  a 


function  of  temperature  for  the  La^  gSr0  2 Cu04  and 

»*2Y1C“3°7  samples.  From  the  slope,  dH^/dT^  , 

c 

on*  Is  able  to  calculate  a  variety  of  the  material 
parameters  [9).  Table  1  presents  the  results  of 
these  calculations.  The  ranges  given  represent  the 
uncertainty  in  determining  dH  2/dT|T  For  the 


*2.sKiCu04  sample*  the 


obtained  from 


dHe2/dTiT  and  the  resistivity,  p,  agree  within  a 
c 

factor  of  two  with  the  value  obtained  from  the 
magnetization  data.  However,  in  Ba^Y^Cu^O^  the 

agreement  Is  only  to  within  a  factor  of  three. 

This  Is  not  too  surprizing  since  the  calculstlons 
assume  an  Isotropic,  3D  Feral  surface.  These 
materials  are  known  to  be  anisotropic,  with  the 
superconductivity  believed  to  be  2D  for  L*j  ^Mj(Cu04 

and  ID  for  BsjY^Cu^O^  [6). 

Our  value  for  y,  the  density  of  states  at  the 
Fermi  level,  Is  In  the  range  2300  -  4030  (ergs/cc 
2 

-X  )  for  BSjY^CUjO^.  This  la  to  be  compared  with 
2 

2130  (ergs/cc  •  E  )  as  obtained  from  the  jump  In 
the  specific  heat  (10).  The  agreement  Is  quite 


good  considering  dw  Imprecision  In  data  raining 
dHej/4T|t  and  p  far  this  aacarlal. 

i.  COMCLDSIOM 

Da  hm  parforaed  a  variety  of  aagnaclc  flald 
aa aaure— nts  on  cha  new  superconductors.  The 
LOj^H^CuO^  (H  -  (a,  Sr.  Co)  aacarlal*  show 

lncoaplaca  flux  expulsion  and  wry  broad 
transitions,  both  aagaatlc  and  realstlve,  In 
aagnatlc  fields.  Tba  ssag>l*s  of  SSjY^Cu^O^  show 

negligible  broadening  of  cha  transition  at  130  kC. 
Thl*  result,  along  with  processing  [4]  and  neutron 
studies,  shows  that  good  superconducting  behavior 
strongly  depends  upon  the  Cu-O-Cu  chains  In  the 
basal  plane  of  the  structure.  The  lower 
d leans 1 one 1  nature  of  the  superconductivity  In 
thesa  aaterlals  aanlfests  Itself  in  the  descrepency 
between  calculated  froa  dH^/dTl^  and  that 

eaasured  by  the  nagnstlzatlon.  The  fact  that  the 
descrepency  Is  less  for  the  La  s sepias  than  for  the 
Y  saeplos  could  be  related  to  the  2D  behavior  of 
the  foreer  and  the  ID  behavior  for  the  latter . 
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Fig.  1.  Magnatlsatloo  versus  aagnatlc  flald 

hystaraaia  loop  of  BOjY^Cu^O^  at  4.2  R.  The 

sanpla  was  cooled  In  zero  flald.  The  lower 
critical  flald.  Hcl>  la  2.5  kC  (Inset). 


Tampantui*  (K)  Tamporatura  (K) 

Fig.  2.  The  upper  critical  field  as  a  function  of 
ceaperature  for  La^  gSr0  2Cu04  *n‘, 

Ba2Y1CUj07  (right) .  The  extant  of  the  10*  -  90* 

points  of  the  transitions  are  shown.  The  lines 
through  the  data  points  are  guides  to  the  ay*. 
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We  have  prepared  and  characterized  high  Tc  single  phase  samples  of 

La2_xMxQiO^  (where  M=Sr.  Ba.  and  Ga  and  x=0.1.  0.2  or  0.3)  and  Ba2YCu20^. 

Transmission  electron  microscopy  of  the  Ba^YCu^CXj.  samples  reveals  twinning 

defects  In  the  [110]  direction  which  disappear  when  the  sample  Is  heated 
o 

above  400  C.  We  report  on  the  dc  susceptibility,  magnetization,  and 
magnetoresistance.  We  have  extracted  many  of  the  critical  superconducting 
and  normal  state  parameters  from  the  data. 

INTRODUCTION 

o 

Superconductivity  In  La-Ba-Cu-0  at  30  K  was  reported  by  Bednorz  and 
Muller  [1]  Since  then  other  compounds  with  a  transition  temperature.  T  , 

o 

near  40  K  have  been  reported  [2],  [3].  In  the  Y-Ba-Cu-0  compound  a  T^ 
o 

above  90  K  was  reported  by  Wu  et  al.  [4].  We  have  prepared  I^^M^CUO^ 

(M  =  Sr,  Ba,  and  Ca)  and  Ba^Y^Cu^CX^.  for  magnetic  field  studies  of  their 
superconducting  transitions. 


SAMPLE  PREPARATION  AND  CHARACTERIZATION 

The  Laj  gSr0  gCuO^.  g8^  jCuO.*-  811(1  7Cbl0  3Cil04  samples  were 

prepared  as  described  in  an  earlier  paper  [5].  This  procedure  produced 
nearly  single  phase  samples  with  the  K^NlF^  structure  as  determined  by 

x-ray  diffraction. 

The  Ita^YjOi^Ot^  samples  were  prepared  under  processing  conditions  which 

produced  an  orthorhombic  structure  (as  determined  by  neutron  and  x-ray 
diffraction)  with  two  one-dimensional  Cu-O-Cu  chains  on  the  basal  plane  of 
the  unit  cell  [6].  The  procedures  were:  (a)  Premix  powders  of  BaOO-j.  CuO 


and  Y«/-.v  (b)  lasers*  mixture  In  alehohol  and  pulverize  loose 

O 

agglomerates  In  an  ultrasonic  sixer,  (c)  calcine  for  6  hours  at  925-960  C 
with  Intermediary  grindings,  (d)  grind  and  cold  press  Into  pellets  and 

sinter  In  air  at  925-960  C  for  12  hours,  and  (e)  move  into  an  oxygen 

furnace  ,  heat  to  960C  for  several  hours  and  slow  cool  (l°/aln). 
Alternatively,  step  (e)  could  be  equilibrate  In  oxygen,  reduce  the 

temperature  to  500-700 °C.  hold  for  several  hours  and  cool  at  a  moderately 
slow  rate. 

Samples  made  with  these  procedures  consist  of  10-20  micron  single 
phase  grains  surrounded  by  trace  amounts  of  amorphous  Y-Ba-Cu-0  compounds. 
Extensive  transmission  electron  microscopy  of  the  Individual  grains  reveal 

parallel  'domains’  with  an  average  width  of  2000a  (Figure  1).  Electron 
diffraction  shows  that  the  boundaries  between  these  regions  are  In  the 
[110]  direction.  The  electron  diffraction  pattern  (Figure  2)  shows  the 
splitting  of  spots  along  only  one  diagonal  with  Increasing  separation  in 
higher  order  reflections.  This  can  be  explained  by  twinning  on  the  [110] 
plane  In  the  orthorhombic  crystals  confirming  earlier  work  [7].  In  situ 
heating  and  cooling  experiments  showed  no  changes  In  the  diffraction 
pattern  down  to  liquid  nitrogen  temperatures.  The  domains  disappeared 

o 

when  the  specimen  was  heated  above  400  C.  Many  of  the  domains  reappeared 
when  the  sample  was  re-cooled.  This  behavior  is  consistent  with  the  many 

O 

reports  of  a  tetragonal  to  orthorhombic  transformation  above  400  C  In 
these  materials. 


i 

* 


Fig.  1.  Transmission  Electron  Micrograph  of  a  region  of 

a  grain  of  Ba^YCu^Qy.  The  parallel  domains  average 

2000&  In  width. 
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Fig.  2.  Electron  diffraction  pattern  of  Ba^fCa^Xj.  Spots  split 

In  one  diagonal  direction  with  Increasing  separation  In 
higher  order  reflections  Indicating  twinning  In  the  [110] 
direction. 


EXPERIMENTAL  TECHNIQUES  AND  RESULTS 

The  saaples  were  first  cooled  In  a  SQUID  susceptometer  In  a  snail 
(typically  100  G)  aagnetlc  field.  The  magnetization  data  (see  Table  I) 

for  the  La^  ^M^QjO^  (M  *  Ba  and  Ca)  shoved  diamagnetic  onsets  at  20°K  and 

o  _  o 

31  K  with  10%  and  20%  flux  expulsion  at  10  K  (the  lovest  temperature 

measured)  respectively.  The  curves  vere  not  flat  at  10°K  Indicating  that 
the  samples  vere  still  expelling  flux.  The  presence  of  these  broad 
transitions  vlth  small  flux  expulsion  along  vlth  the  x-ray  data  Indicating 
nearly  single  phase  materials  Is  a  manifestation  of  the  oxygen’s 
Importance  in  the  superconductivity  (x-rays  do  not  couple  strongly  to 

o 

oxygen).  The  M  ■  Sr  sample  had  an  onset  at  36  K  vlth  40%  flux  expulsion 
at  10°K  and  the  Ba^Y^Cu^O^  sasple  shoved  the  onset  at  93°K  vlth  90  -  100% 

flux  expulsion  by  40°K  (Figure  3). 
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Fig.  3.  Magnetization  versus  temperature  for  Ba2YQLjQy  The  low 

temperature  diamagnetic  signal  shows  nearly  complete  flux 
expulsion. 


The  samples  were  next  warmed  above  their  transition  temperatures, 
cooled  in  zero  field  and  magnetization.  M.  versus  field.  H.  measurements 
were  made  with  fields  up  to  80  k£>.  All  of  the  samples  have  hysteretlc  M 
vs.  H  curves  characteristic  of  type  IX  superconductors  with  flux  pinning 
centers.  The  lower  critical  fields,  Hcl>  for  the  La^^^CuOy  materials 

are  100  -  300  G  at  10°K  (Table  I).  The  critical  currents,  estimated  from 

o 

the  hysteresis  in  the  M  vs.  H  curve  [8],  are  rather  low  at  10  K.  A  series 
of  measurements  on  Laj  gSr0  2Cij04  at  5everal  temperatures  shows  a  critical 

current  of  12000  A/cm2  at  4.2°K  which  degrades  dramatically  at  higher 

temperatures.  Figure  4  shows  J  versus  H  for  this  sample.  This  curve  is 

c 

typical  of  a  superconductor  with  strong  pinning  centers  (insert). 

The  4. 2°K  magnetization  data  for  the  BaYCuO  sample  was  highly 
hysteretlc  (Figure  5).  The  lower  critical  field  was  ~0.6  kG  (Figure  6). 
Figure  7  shows  critical  current  versus  field  for  this  sample.  At  Hc^  the 

critical  current  is  2xl05  A/cm2  consistent  with  the  results  reported  by 
IBM  [9].  The  shape  of  the  low  field  region  (insert)  is  typical  of  a  weak 
pinning  superconductor. 

The  upper  critical  fields  for  these  materials  were  measured  by 
monltorli^  the  samples'  4-probe  resistance  as  the  temperature  was  swept  in 
a  constant  Mgnetlc  field.  The  magnetoresistance  of  the  carbon  glass 
thermometer  was  taken  into  account  in  determining  the  temperature.  The 
critical  temperature  in  a  given  field  was  taken  as  that  temperature  where 
the  sample  resistance  was  50%  of  the  normal  value. 


Fig.  6.  Low  field  data  from  Figure  5.  The  lower  critical  field, 

H  , .  is  0.6  IcG. 
cl 
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Fig.  7.  Critical  current  versus  magnetic  field  for 

(estimated  fro*  the  hysteresis  In  the  N  vs.  H  curve).  The  low 
field  data  is  typical  of  a  superconductor  with  weak  pinning 
centers  (insert). 
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Fig.  9.  The  upper  critical  field  as  a  function  of  temperature  for 

L Sj  qSTq  2Cu®4  0ef0  and  Ba^Y 1CU3O7  (right).  The  extent  of  the 

10%  -  90%  points  of  the  transitions  are  shown.  The  lines  through 
the  data  points  are  guides  to  the  eye. 


The  magnetic  field  significantly  broadened  the  transition  for  the 
lower  Tc  Materials  (Figure  8).  This  Is  perhaps  due  to  inhomogenei ties  in 

these  samples.  A  field  of  100  kC  has  a  negllgable  effect  on  the  onset 
temperature.  The  magnetic  field  only  slightly  broadened  the  transition  of 
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Table  I.  Parameters  calculated  from  the  dc  magnetization  and  critical 
field  data. 
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Note:  For  the  resistivity  we  used  p= 350  jiO-crn  for  the  Sr.  Ba,  and  Ca 

compounds  and  200  pO-ca  for  the  Y.  This  was  measured  for  the  Sr  and 
compounds  and  assumed  for  the  Ba  and  Ca. 

o 

bracketed  values  are  theoretical  values  for  J  at  0  K. 

c 

N  O 

J  measured  at  10  K. 
c 


the  higher  T  material.  In  Fig.  9  the  critical  field  is  plotted  as  a 
c 

function  of  temperature  for  the  La^  gSr^  ant*  Ba^YjQi^O.^  s3™!5*®8. 

From  the  slope,  dH ^^dT^  .  one  is  able  to  calculate  a  variety  of  the 

c 

material  parameters  [10].  Table  I  presents  the  results  of  these 
calculations.  The  ranges  given  represent  the  uncertainty  irt  determining 

dH^r/dT  |.p  .  For  the  La^^M^CuO^  samples  the  Hcj  obtained  from  dHc^/dT  |^. 

c  c 

and  the  resistivity,  p.  agree  within  a  factor  of  two  with  the  value 
obtained  from  the  magnetization  data.  In  Bk^YjCXLjO^  the  agreement  is 

quite  good  which  is  surprising  since  the  calculations  assume  an  isotropic, 
3D  Fermi  surface  and  these  materials  are  known  to  be  anisotropic,  with  the 
superconductivity  believed  to  be  quasi-2D  for  La2_xMxQjO^  and  possibly 

quasi-ID  for  Ba^Y^CU-jO^  [6]. 

Our  value  for  v,  the  density  of  states  at  the  Fermi  level,  is  in  the 
range  2500  -  4030  (ergs/cc  -K2)  for  Ba^Y.Cu^O^.  This  is  to  be  compared 


r' 
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I'l1! 


♦TV 


with  2150  (erg*/ cc  -  K^)  as  obtained  froa  the  Jump  In  the  specif ic  heat 
[11].  The  agreement  la  quite  good  considering  the  Imprecision  In 
date  raining  dH  ^^/dT  |^.  and  p  for  this  material. 


CONCLUSION 

Te  have  prepared,  characterized  and  performed  a  variety  of  magnetic 
field  measurements  on  the  new  superconductors.  The  I a^^H^CuO^  (M  =  Ba, 

Sr,  Ca)  materials  show  Incomplete  flux  expulsion  and  very  broad 
transitions,  both  magnetic  and  resistive,  in  magnetic  fields.  The  samples 
of  Ik^YjCu^Ol^.  which  have  extensive  twinning  domains  due  to  the  crystal's 

orthorhombic  structure,  show  negligible  broadening  of  the  resistive 
transition  at  130  kC.  This  result,  along  with  processing  [6]  and  neutron 
studies,  shows  that  good  superconducting  behavior  strongly  depends  upon 
the  Cu-O-Cu  chains  In  the  basal  plane  of  the  structure. 
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Evidence  of  conventional  superconductivity  in  La-Ba-Cu-0  compounds 
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First-principles  methods  are  applied  to  investigate  the  electronic  structure  and  electron-phonon 
coupling  in  the  end-point  members  (x— 0  and  x  —  1)  of  the  new  high-transition-temperature  ( T, ) 
superconductor  La2-,Ba,CuO«  and  their  counterpart  cubic  perovskites  Lai-,Ba,CuOj.  Alloying 
with  Ba  Cx  - 1 )  induces  non-rigid-band  changes  in  the  Cu  and  O  density  of  states,  but  the  Cu 
charge  state  changes  rather  little.  The  calculated  McMillan-Hopfield  parameter  i)  coupled  with 
soft  phonon  modes  provides  a  strong  electron-phonon  interaction  1—2.5  that  can  account  for  the 
high  T,  of  -30-40  K  in  these  systems. 
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Within  the  last  few  months  a  new  class  of  superconduc¬ 
tors  has  been  discovered.  Bednorz  and  Muller*  first  re¬ 
ported  the  occurrence  of  an  apparent  superconducting 
transition  at  30  K  in  the  oxide  material  La2-xBa,<Cu04, 
with  x-0.15  and  y  >  0  (probably  small)  which  has  the 
tetragonal  layer-perovskite  KjNiF*  structure.  This  result 
has  since  been  reproduced  and  improved  by  alloying  with 
Sr  instead  of  Ba.2*6  In  this  paper  we  report  results  of 
first-principles  band-structure  calculations  which  assess 
the' relative  contributions  of  the  oxygen,  copper,  and  other 
metal  atoms  to  the  states  which  drive  the  superconductivi¬ 
ty  as  well  as  identifying  changes  in  ionicity  and  other 
effects  of  alloying.  We  also  investigate  the  importance  of 
the  perovskite  substructure  in  these  materials,  especially 
on  the  electron-phonon  coupling  strength.  It  is  found  that 
Tc  in  these  layer  perovskites  can  be  explained  by  conven¬ 
tional  phonon-mediated  superconductivity  in  which  soft 
phonon  modes  due  to  the  vibrations  of  the  light  O  atoms 
play  the  main  role. 

Our  primary  interest  in  these  materials  is  in  under¬ 
standing  what  interaction  between  electrons  is  responsible 
for  producing  the  superconducting  state.  Conventional  1 
superconductors  utilize  the  electron-phonon  interaction 
(EPI),  which  is  normally  enhanced  by  a  targe  electronic 
density  of  slates  (DOS)  at  the  Fermi  level  and  by  a  strong 
electron-ion  scattering.1  These  new  alloys,  however,  are 
oxides  and  not  at  all  usual  metals,  with  resistivities  above 
7V  which  are  more  than  an  order  of  magnitude  larger  than 
the  resistivities  of  conventional  superconductors,  i.e.,  they 
might  be  semimetals.  Since  they  are  not  good  metals  in 
the  usual  sense,  the  pairing  interaction  may  be  different 
from  the  conventional  one.  Suggestions  include  electrons 
coupled  by  two-dimensional  plasmons,  polarons,  or  bipola- 
rons,  although  a  novel  kind  of  EPI  is  also  a  reasonable 
guess.  In  this  paper  we  provide  an  accurate  description  of 
the  electronic  structure  of  pure  LajCuC^  and  LaBaCuO* 
(i.e.,  replacement  of  one  of  the  La  atoms  in  the  unit  cell 
by  a  Ba  atom)  in  order  to  elucidate  the  effects  of  alloying. 


We  also  investigate  the  role  of  the  perovskile-type  layers 
by  performing  parallel  calculations  for  the  perovskite 
compounds  LaCuOs  and  BaCuOj.  For  purposes  of  com¬ 
parison,  the  lattice  parameter  for  the  perovskites  was 
chosen  by  taking  a  weighted  average  of  the  in-plane  short 
Cu— O  bond  and  the  long  Cu— O  bond  along  the  normal 
direction. 

The  calculations  for  La2Cu04  and  LaBaCuO.,  were 
carried  out  with  the  self-consistent  linearized-augment- 
ed-plane-wave  (LAPW)  method*  within  the  framework  of 
the  local-density-functional  approximation  using  the 
Hedin-Lundqvist  exchange-correlation  potential.  This 
method  employs  shape-unrestricted  charge  densities  and 
potentials  and  basis  sets  of  500-600  LAPW’s.  Two  "en¬ 
ergy  windows”*  were  used  so  that  the  "semicore”  0(2s) 
and  La,Ba(5p)  states  could  also  be  treated  variationally. 
Similar  calculations  were  performed  using  the  APW 
method  (in  the  muffin-tin  approximation)  for  the 
perovskite  LaCuOj  and  BaCuOj  compounds  with  the 
same  treatment  of  semicore  levels  and  exchange  correla¬ 
tion  as  in  the  LAPW  calculations.  Self-consistency  in  the 
LAPW  calculations  was  achieved  using  a  mesh  of  16  spe¬ 
cial  k  points  in  the  -jjth  irreducible  Brillouin  zone  (1BZ), 
and  three  special  k  points  for  the  semicore  states.  In  the 
final  iteration,  energies  and  wave  functions  were  calculat¬ 
ed  at  135  equally  spaced  k  points  in  the  IBZ  for  further 
analysis.  A  Fourier-series  spline  fit,9  which  is  constrained 
to  pass  smoothly  through  all  135  points,  was  then  used  to 
generate  542  points  in  the  IBZ  to  calculate  the  density  of 
slates  (DOS)  using  the  linear  analytic  tetrahedron  meth¬ 
od.  The  APW  DOS  was  calculated  in  a  similar  manner 
using  another  scheme 10  to  generate  energy  bands  at  1 65  A 
points  from  35  first-principles  APW  points  in  the  jV  zone. 
For  the  layer  perovskites,  the  lattice  parameters  were  tak¬ 
en  to  be  a  “7.1622  and  c  — 24.964  a.u.  The  out-of-plane 
O  distance  was  taken  as  z  —4.543  a.u  and  that  of  the  La 
(Ba)  atom  was  taken  as  z— 3.445  a  u.  The  muffin-tin 
sphere  radii  are  given  in  Table  1.  The  cubic-perov  shite 
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TABLE  1.  Sphere  radii  (a.u.)  and  valence-electron  charge  in¬ 
side  the  various  spheres.  The  S/>  semicore  electron  charge  is  also 
given  for  the  La  and  Ba  spheres. 


lattice  parameter  was  set  equal  to  a  —7.8234  a.u.  and  the 
sphere  radii  were  3.576  a.u.  for  La  and  1.956  a.u.  for  Cu  • 
and  O. 

An  overview  of  the  electronic  structure  can  be  seen  in 
the  DOS.  The  DOS  of  the  layer-perovskite  compounds 
are  shown  in  Fig.  1  and  that  of  the  cubic  perovskites  in 
Fig.  2.  In  both  Figs.  1  and  2  the  Fermi  energy  ( E f) 
moves  to  lower  energy  upon  replacement  of  La  by  Ba,  and 
as  seen  in  Table  II  the  DOS  at  Ef,  NiFf),  increases. 
Matheiss11  and  Yu  and  Freeman13  have  also  obtained  the 
LajCuO*  band  structure  with  the  LAPW  method.  The 
DOS  in  Fig.  1(a)  is  very  similar  to  that  given  by 
Mattheiss.11  It  is  immediately  apparent  that  while  one 
might  have  expected  simple  rigid-band  behavior  in  going 
to  the  50%  Ba  compound,  this  is  not  at  all  the  case  in  gen¬ 
eral.  One  prominent  change  is  the  shift  in  spectral  weight 
on  tfie  Cu  atom  from  higher  to  lower  energy.  This  is  also 
seen  in  the  perovskite  compounds  in  Fig.  2,  and  represents 
primarily  a  rearrangement  of  tj,  spectral  weight.  It  is 
also  interesting  that  the  Cu  /*,  contribution  to  the  DOS  at 
Ef  is  zero.  In  both  structures  Cu-0  dpa- type  bands  cross 
Er. 

While  the  in-plane  O,,.  DOS  in  the  layer  compound  is 
changed  relatively  little  by  the  addition  of  Ba,  there  is  a 
significant  change  in  the  0*  DOS.  The  50%  Ba  compound 
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FIG.  2.  Total  and  projected  DOS  (per  atom)  for  LaCuOj 
(left  panel)  and  BaCuO)  (right  panel). 


has  two  inequivalent  O,  atoms,  one  which  is  nearly  copla- 
nar  with  the  La  atoms  while  the  other  lies  in  a  Ba  layer. 
Although  La  (Ba)  may  not  be  fully  trivalent  (divalent), 
nevertheless  the  La  sphere  is  essentially  one  unit  more  ion¬ 
ic  than  Ba.  [Since  the  La  and  (especially)  Ba  5 p  core 
states  are  quite  extended,  we  have  used  rather  large 
spheres  and  treated  the  5 p  stales  variationally  in  a 
separate  window.  As  a  result  of  the  large  sphere  radius, 
the  valence  charge  (see  Table  I)  in  the  sphere  is  1.24  for 
La  and  1.21  for  Ba,  approximately  one  electron  of  which 
can  be  attributed  to  overlapping  oxygen  states.)  Due  to 
the  unit  difference  in  ionic  charge  between  Ba  and  La  the 
0,,b.  atoms  experience  a  less  attractive  electrostatic  po¬ 
tential  than  do  the  Or-Ll  atoms,  which  accounts  for  the 
Of.Ba  DOS  being  nearer  Ef  than  the  0,,u  DOS.  For  the 
0,,b.  atom,  N(Ef)  is  also  about  10%  larger  than  for  the 
Oj.u  atom.  In  addition,  there  is  more  spectral  weight 
above  Ef  on  both  O,  atoms  compared  to  Fig.  1(a),  i.e., 
adding  Ba  causes  the  originally  2  —  0..  ions  to  become 
partially  metallic. 

Rigid-band  behavior  does  appear  to  hold  near  Ef,  how¬ 
ever,  where  only  the  broad  dxi^ri-pxiy)  band  contributes 
to  A '(£ ).  From  Figs.  1  (a)  and  1  (b)  it  is  evident  that  there 
is  similar  structure  in  A '(E)  in  the  region  of 
Ef  (LajCuOa),  with  the  prominent  feature  being  the  van 
Hove  peak  0. 1  eV  below  Er  in  Fig.  1  (a)  which  occurs  at  a 
concentration  x  —  xc,  ~  0.14  of  Ba.  This  peak  is  of  similar 
height  in  the  two  calculations,  and  xc„  defined  from  the 
L32CUO4  DOS,  lies  within  about  0.03  eV  of  the  peak  in 
LaBaCuO*.  Thus  using  the  rigid-band  model  for  x^0.2 
should  be  realistic. 

The  van  Hove  peak,  which  defines  jrcr,  occurs  very  near 
the  concentration  of  Ba  (and  Sr)  where  T,  is  highest.  The 
peak  results  from  a  saddle  point  in  the  dx.-..t-P,(y)  band 
slightly  beyond  the  zone  boundary  along  tne  x  (and  y) 
axis,  which  lies  midway  between  the  nearly  touching 
corners  of  the  La2Cu04  Fermi  surface  (see  Fig.  3  of 
Mattheiss").  At  x-xz,  the  Fermi  surface  transforms 
from  distorted  holelike  cylinders  along  the  r  axis  centered 
at  the  X  ("corner")  point  to  distorted  electron  cylinders 
centered  at  f.  Many  transport  and  thermodynamic  prop- 
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TABLE  II.  Total  DOS  at  Er  (states/eV)  and  the  McMillan- 
Hopfield  parameter  /)  ptr  atom  (eV/A1), 


LajCuOi 

LaBaCu04 

LaCuOj 

BaCuOj 

K(Er) 

1.24 

3.69 

1.42 

2.70 

(h  u 

0.00 

0.08 

0.00 

0.16 

0.012 

He. 

0.62 

1.08 

0.89 

1.65 

9o,_, 

0.72 

0.32 

0.48 

0.60 

90,u 

0.04 

0.15 

'to.w. 

0.04 

0.33 

erties  can  be  extremely  x  dependent ,J  near  x  —  xa. 

Whether  Tc  in  these  compounds  arises  from  EPI  is  a 
question  of  fundamental  interest.  To  investigate  this 
question,  the  Fermi-surface-averaged  electron-ion  matrix 
elements  were  evaluated  using  the  rigid  muffin-tin  approx¬ 
imation  (RMTA)  of  Gaspari  and  Gyorffy. M  Quantities 
entering  the  calculation  of  the  McMillan-Hopfield  con¬ 
stant  rj  are  presented  in  Table  II.  The  main  features  of 
the  calculations  of  ij  are  the  following.  The  La  and  Ba 
atoms  always  have  very  small  rj’s  within  RMTA.  The  Cu 
atoms  have  moderately  sued  values  of  rj  which  are 
enhanced  by  the  replacement  of  La  by  Ba.  The  O,  atoms 
have  very  small  q’s  in  La2Cu04  but  are  moderate  in  size 
in  LaBaCuO*.  The  Ojy  rj  is  larger  than  for  O,  but  is  re¬ 
duced  in  LaBaCu04.  The  contributions  to  i)  come 
predominantly  from  the  Cu(d)-0(p)  interaction.  While 
replacement  of  La  by  Ba  triples  N (.Er),  the  rj’s  do  not  in¬ 
crease  proportionally.  It  is  interesting  to  note  the  approxi¬ 
mate  transferability  of  the  rj  values,  that  is,  those  in 
La2Cu04  are  comparable  to  those  of  LaCuOj:  77 c„— 0.62 
(respectively  0.89),  rjo.ioul”  1  -52  (respectively  1.44) 
eV/AJ.  This  suggests  that  the  cubic-perovskite  structure, 
if  stable,  might  also  provide  high-Tf  materials.  Because 
the  jj's  are  significantly  smaller  than  those  of  typical 
high-temperature  superconductors  (e.g.,  A  15  compounds, 
NbN)  it  appears  likely  that  the  layered  perovskites  pos¬ 
sess  soft  phonon  modes  as  found  by  Weber. 13 

The  quantity  which  characterizes  the  contribution  to 
the  electron-phonon  interaction  strength  X  from  a  given 
type  of  atom  is1 

X,-r),/(A/,nJ)  ,  (1) 

where  T  is  an  rms  vibrational  frequency.  We  propose  an 
EPI  mechanism  for  superconductivity  with  the  transition 
temperature  given  by  the  Alien-Dynes  equation16 
Tc  —  ,n  ),  where  p*“ 0.1  is  the  Coulomb 

pseudopotenlial. 

In  the  absence  of  experimental  information  on  the  pho¬ 
non  spectrum,  we  use  for  the  spectral  function  oJF  a  two- 
peak  Einstein  model  with  frequencies  flcu  and  Do-  Since 
the  important  vibrations  are  expected  to  involve  Cu-O 
bond  stretching15  and  since  each  Cu-0  force  constant 
contributes  equally  to  Af  fi  7  projected  onto  each  of  the 
atoms,  we  assume  Afc»o£u  —  AfoD^  and  study  the  effect 
on  7",  of  varying  flo  Using  the  rigid-band  model  dis¬ 
cussed  above  for  Laj-JBaJCu04  for  x  — xCI  —  0  14.  we 
find  rjc»“0  74  and  rjy  — 2  2  eV/A  v  In  Fig  3  we  show 


FIG.  3.  Values  of  X  and  T,  (from  the  Alien-Dynes  equation) 
as  a  function  of  n®.  The  bottom  curve  in  each  case  corresponds 
to  LajCu04  (stars  and  diamonds),  while  the  top  curves  (trian¬ 
gles  and  squares)  correspond  to  Laj-JBa1CuO».  x  -0.14,  in  the 
rigid-band  picture. 


Te  and  X  as  a  function  of  n0  for  both  x  -0.0  and  x  -x„. 
These  results  indicate  that  for  mean  oxygen  frequencies  of 
about  200  K,  X  is  about  2.6  and  Tc  exceeds  34  K  in  the 
case  x  -xcr.  Experimental  values  of  Tc  are  sample  depen¬ 
dent  but  lie  in  the  range  30-40  K  and  peak  near  x  -xcr. 
(Note  that  for  X  >  2  it  is  important  to  include  the  prefac¬ 
tors  /|,  fi  in  the  Alien-Dynes  equation16  for  Tc.)  These 
conclusions  are  in  agreement  with  those  of  Weber.15  Our 
results  also  indicate  that,  were  it  not  for  the  electronically 
driven  structural  transition llJJ  for  x  -0.0,  the  pure  com¬ 
pound  would  also  be  a  superconductor  with  a  somewhat 
lower  7V,  within  the  same  frequency  range  for  fl0.  On  the 
other  hand,  Weber  expects  additional  softening  as  x  is  de¬ 
creased  from  0.15  which  would  raise  Tc,  contrary  to  ex¬ 
perimental  evidence.  Both  analyses  give  strong  support  to 
the  assertion  that  soft  phonon  nodes  due  to  the  vibrations 
of  the  light  O  atoms  are  the  main  cause  of  superconduc¬ 
tivity  in  these  compounds.  This  is  reminiscent  of  the  situa¬ 
tion17  in  PdH,  where  the  hydrogen  optic-phonon  modes 
play  a  key  role  in  the  occurrence  of  superconductivity. 

To  summarize,  we  have  shown  that  replacement  of  La 
by  Ba  in  La-Cu-O  compounds  leads  to  large  changes  in 
the  Cu  and  O  spectral  density  without  inducing  large 
changes  in  their  charge  state.  Although  these  compounds 
display  an  unusual  mixture  of  ionic  and  metallic  character 
not  seen  in  other  high-Tc  superconductors,  calculation  of 
the  EPI  strength  indicates  that  it  may  be  of  the  magnitude 
necessary  to  account  for  the  high-T,  values  in  these 
systems. 
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L.  F.  Mattheiss,  A.  J.  Freeman,  and  W.  Weber  for  copies 
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ELECTRONIC  STRUCTURE,  BONDING  AND  ELECTRON -PHONON 
INTERACTION  IN  La-Ba-Cu-0  SUPERCONDUCTORS 


W.E.  PICKETT*,  H.  KRAKAU ER t ,  D.  A.  PAPACONSTANTOPOULOS* ,  L.L.  BOYER* 

AND  R.E.  COHEN* 

*  Naval  Research  Laboratory,  Washington  D.C.  20375-5000 
t  College  of  William  and  Mary,  Williamsburg,  VA  23185 

The  discovery  of  superconductivity  above  30  K  by  Bednorz  and  Muller 
[1]  in  the  La-Ba-Cu-0  system  was  a  breakthrough  in  the  field  of 
superconductivity.  The  superconductivity  has  since  been  established  to  be 
associated  with  the  layer  perovskite  ^NiF^-type  structure,  with  the  peak 
transition  temperature  Tc  above  40  K  occurring  in  La2-xMxCu04  at  an 
alkaline  earth  (M-Ba,Sr)  concentration  x-0.15  [2].  Central  questions  to 
consider  then  are:  what  is  the  interaction  responsible  for  such  high 
temperature  superconductivity,  in  what  way  is  the  crystal  structure 
responsible  for  this  interaction,  and  what  apparently  crucial  role  is  the 
alkaline  earth  substitution  playing? 

To  address  these  questions  we  have  begun  a  study  of  the  electronic 
structure  of  the  layer  perovskite  La-Ba-Cu-0  compounds  and  their  cubic 
perovskite  counterparts  MCUO3 ,  M-La,Ba,Sr.  We  use  the  local  density 
approximation  within  the  (both  linearized  and  unlinearized)  augmented 
plane  wave  method,  and  details  of  the  application  to  these  systems  has 
been  presented  elsewhere  [3],  Here  we  summarize  results  of  studies  of 
La2Cu04  and  LaBaCuO^  in  the  layer  perovskite  structure  and  the  cubic 
perovskites  mentioned  above.  Differences  between  these  layer  perovskites 
focus  attention  on  the  effect  of  alloying  La  with  Ba,  while  comparison  of 
the  layer  structures  with  their  cubic  counterparts  may  illuminate 
important  structurally  related  similarities  or  differences. 

As  reported  previously  [3-5],  the  Fermi  level  Ep  in  both  the  layer 
and  cubic  compounds  lies  in  a  region  crossed  by  a  single  O-Cu  pdo  band, 
and  near  Ep  a  rigid  band  model  appears  to  be  reasonable.  Within  this 
picture  a  van  Hove  peak  occurs  in  the  density  of  states  below  Ep  in  the 
layer  perovskites  corresponding  to  a  concentration  x-0.14  of  Ba  or  Sr, 
i.e.  just  where  Tc  is  found  to  peak,  and  it  seems  clear  that  this  van  Hove 
singularity  is  intimately  related  to  the  enhanced  superconductivity.  Well 
below  Ep,  however,  strongly  non-rigid  band  behavior  occurs  in  the  local 
density  of  states  of  the  Cu  and  0  atoms  neighboring  the  dopant,  reflecting 
the  change  in  crystal  field  when  La^+  is  replaced  by  Ba^+. 

Investigation  of  the  electron-phonon  interaction  (EPI)  strength  X  is 
important:  in  fact,  Bednorz  and  Muller  were  studying  these  systems  in 
anticipation  of  observing  very  large  EPI.  We  have  evaluated  the  Fermi 
surface  averaged  electron-ion  scattering  constant  *7  for  La2 _xBaxCuC>4 , 
x-0 . 0 ,  0.14  and  1.0,  and  for  LaCu03  and  BaCu03  [3],  In  all  cases  the 
contributions  come  primarily  from  the  Cu  and  0  atoms,  and  compared  to 
transition  metal  superconductors  are  rather  low.  However,  this  can  be 
compensated  considerably  by  the  small  0  mass  and  low  frequency  lattice 
vibrations.  Assuming  (Mu^)cu-(Mu>^)o  [3]  and  using  a  McMillan  mean  oxygen 
frequency  of  u>o~200  K,  which  appears  to  be  consistent  with  what  neutron 
scattering  information  is  available,  we  find  Tc-35  K  for  x-0.14,  with 
A=2 . 5 .  The  pure  La  compound  (x-0.0),  if  it  were  to  remain  in  the 
tetrahedral  structure,  would  have  a  Tc  10  K  lower.  More  details  of  these 
studies  are  given  in  Ref  3. 

Phonon  frequencies  and  eigenvectors  are  particularly  important  in 
determining  whether  pairing  results  from  the  EPI.  Since  these  are 
extraordinarily  difficult  to  obtain  from  first  principles  (eg  from 
frozen  phonon  studies)  we  are  investigating  the  predictions  of  the 
Potential  Induced  Breathing  (PIB)  model  [6],  which  is  an  overlapping  ion, 
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Gordon-Kim  type  ab  initio  approach  developed  for  ionic  oxides.  For  both 
the  layer  perovskite  structure  and  the  experimentally  observed 
orthorhombic  structure,  the  lowest  phonon  branch  along  T-X  is  unstable. 
For  the  tetragonal  structure,  this  branch  is  the  oxygen  breathing  mode 
discussed  by  Weber  [7]  at  X,  but  changes  continuously  into  a  mode  at  the 
zone  center  which  involves  only  sliding  motions  in  the  x-y  plane  of  the  La 
and  0Z  atoms . 

These  compounds  display  an  unusual  combination  of  ionic  and  metallic 
characteristics,  especially  for  high  Tc  materials.  The  PIB  model  provides 
a  reference  ionic  charge  density  that  allows  us  to  see  the  bonding  and 
density  distortions  more  clearly.  Figure  1  shows  the  difference  (LAPW 
minus  PIB)  in  total  charge  densities,  with  contour  interval  of  0.005 
el/bohr^.  The  very  small  differences  around  the  0Z  atom  verify  that  it  is 
fully  ionic.  The  small  differences  near  La  are  due  to  orthogonal ization 
of  0Z  states  to  the  La  core  and/or  small  amounts  of  La  /  character.  The 
major  differences  are  in  the  Cu-Oj^y  plane.  Figure  1  shows  that,  compared 
to  the  overlapping  ion  reference,  charge  moves  away  from  the  Cu-0  line 
except  for  a  small  bonding  increase  at  the  midpoint.  The  result  is  to 
produce  non-spherical  Cu  and  Oxy  ions.  This  illustrates  the  usefullness 
of  comparing  with  overlapping  spherical  ions,  because  these  distortions 
are  not  discernible  in  crystal  density  plots  alone. 

Since  the  Cu  d  and  Ox  y  p  shells  are  not  completely  filled,  one 
expects  non-rigid  charge  rearrangements  to  be  dominated  by  charge 
fluctuations  on  these  atoms.  We  have  studied  the  charge  density 
rearrangements  due  to  small  atomic  motions.  When  the  0Z  atoms  are  moved 
directly  toward  the  Cu  from  above  and  below,  the  primary  non-rigid  charge 
shift,  shown  in  Figure  2,  is  from  the  0Xy  atoms  fa  the  Cu  d(x2-y2).  It  is 
somewhat  surprising  that  this  movement  causes  charge  to  move  onto  the  Cu, 
and  it  is  more  unexpected  that  the  change  on  the  0Xy  atoms  appears  to  be 
isotropic  rather  than  purely  p(x,y)-like.  Further  studies  may  be 
necessary  to  provide  an  understanding  of  this  mixing  of  ionic-metallic 
character . 

This  work  was  supported  by  NSF  Grant  No.  DMR- 84 -16064  and  by  ONR 
Contract  No.  N00014-84-WR-24005 .  Computations  were  carried  out  under  the 
auspices  of  the  NSF  on  CRAY  X/MP's  at  the  University  of  Pittsburgh  and  the 
University  of  Illinois.  We  have  benefitted  from  discussions  with  a  number 
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Figure  1.  Charge  density  difference  between  the  self-consistent  crystal 
(LAPW)  density  and  the  overlapping  ion  (PIB)  density,  in  the  (100)  plane. 
Contour  interval  is  0.005  el/bohr^.  Solid  (dashed)  lines  denote  a 
positive  (negative)  difference. 
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Figure  2.  Charge  rearrangement  (from  self-consistent  LAPW  calculations) 
due  to  displacement  of  the  0Z  atoms  toward  the  nearest  Cu  (arrows)  by 
0.05  A,  shown  in  the  (100)  and  (110)  planes.  Solid  (dashed)  lines  denote 
increases  (decreases)  in  density  and  +(-)  signs  denote  regions  where  large 
positive  (negative)  contours  have  been  truncated. 
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BAND  STRUCTURE  AND  ELECTRON - PHONON  INTERACTION  CALCULATIONS  FOR  PROPOSED 
HICH-TC  SUPERCONDUCTING  OXIDES:  MCU03  (H  -  LA.  BA.  CS ,  Y)  IN  THE 
PEROVSKITE  STRUCTURE . 


D.  A.  Papaconstantopoulos  and  L.  L.  Boyer* 

MeCal  Physics  Branch  and  *Condensed  Matter  Physics  Branch 
Naval  Research  Laboratory 
Washington,  DC  20375-5000 


The  crystal  structures  reported  for  the  recently  discovered  high-Tc 
superconductors  containing  copper  and  oxygen  have  one  thing  in  common; 
structural  similarity  to  ideal  perovskite.  The  systems  which  superconduct 
with  Tc  -  35  K,  e.g.,  La2.xBaxCu04  with  x  -  0.1  -  0.2,  either  have  the 
tetragonal  l<2NiF4  structure  or  small  orthorhombic  distortions  there¬ 
from.**^  The  K2NiF4  structure  can  be  described  qualitatively  as  alternat¬ 
ing  layers  of  perovskite  (KNiF3)  and  rock  salt  (KF)  structures.  The 
structures  reported  for  the  Y-Ba-Cu-0  systems,  which  have  Tc  -  90  K,  are 
described  approximately  as  an  ordered  superlattice  of  oxygen  deficient 
perovskite  cells. The  common  elements  in  all  the  superconductors 
discovered  so  far  with  Tc  >  30  K  are  copper  and  oxygen.  These  results 
suggest  that  the  local  environment  of  the  copper  and  oxygens  in  the 
perovskite  structure  is  somehow  conducive  to  high  temperature  superconduc¬ 
tivity. 

In  an  effort  to  explore  these  ideas  theoretically  we  have  carried  out 
electronic  band  structure  calculations  for  MCu03  (M  -  Cs ,  Ba,  La  and  Y)  in 
the  ideal  perovskite  structure.  Band  structure  quantities  were  calculated 
using  the  self-consistent  APW  method  in  the  muffin-tin  approximation  with 
a  local  density  approximation®  for  exchange  and  correlation.  From  these 
quantities  we  determine  values  for  the  McMi llan-Hopfield  parameter  rj 
(total  and  site  decomposed),  using  the  rigid  muffin-tin  approximation,  to 
provide  some  indication  of  the  strength  of  the  electron-phonon  interaction 
in  these  Idealized  systems. 

The  calculations  for  M  -  La,  Ba,  and  Cs  were  carried  out  for  a 
lattice  constant  a  -  7.8234  a.u.,  which  is  two  times  the  average  copper- 
oxygen  separation  in  the  La2Cu04  compound.  A  smaller  value,  a  -  7.2943 
a.u.,  was  selected  for  the  M  -  Y  compound  to  correspond  approximately  to 
the  difference  between  the  ionic  radii  of  Y  and  La.  The  muffin-tin  radii 
used  in  the  calculation  were  chosen  to  minimize  the  interstitial  volume: 
RM  -  3.5761  a.u.  and  RCu  -  Rq  -  1.9558  a.u.  for  M  -  U,  Ba,  and  Cs ;  Ry  - 
3.3343  a.u.  and  Rcu  -  Ro  “  1.8236  a.u.  for  the  yttrium  compound.  States 
falling  within  -  1.5  Ry  of  the  Fermi  energy  (EF)  were  created  as  bands  in 
a  semirelatlvistlc  approximation^.  These  include,  of  course,  the  valence 
bands,  which  are  predominantly  Cu-3d  and  0-2p,  and  0-2s,  La-5p,  Ba-Sp,  Cs- 
5p  and  Y-4p  states  as  well.  Deeper  core  levels  were  allowed  to  relax  self 
consistently  using  a  fully  relativistic  atomic  code. 


The  bend  structures  end  totel  densities  of  ststes  N(E)  ere  shown  in 
Figs.  1-4  elong  with  selected  contributions  to  N(E),  N(Cu-t»),  N(Cu-eg) 
and  N(O-p) ,  which  reveal  the  predominant  cheracter  of  the  valence  bands. 
The  La-f  decomposed  density  of  states  (DOS)  is  also  shown  since  this  is  a 
prominent  feature  in  the  conduction  bands  for  the  La  compound.  For  the 
La,  Ba  and  Y  compounds,  N(Ep)  is  composed  mainly  of  Cu-3d  states  with  e„ 
symmetry  and  0-2p  states,  while  for  CsCuOj,  there  is  a  large  contribution 
from  the  t~  symmetry  copper  states  as  well.  This  can  be  understood  as  a 
nearly  rigid  band  shift  of  the  Fermi  level  into  the  Cu-c»  bands,  which  are 
fully  occupied  for  the  La,  Ba  and  Y  compounds.  The  additional  contribu¬ 
tion  from  the  Cu-tg  bands  approximately  triples  the  total  DOS  at  Ep  for 
CSCUO3.  The  band  structure  of  CSCUO3  differs  from  the  La  and  Ba  compounds 
in  another  respect:  the  M-5p  states  (not  shown  for  M  -  La  and  Ba)  shift 
from  --0.5  for  La  to  --0.35  for  Ba  to  --0.1  for  Cs ,  where  for  Cs  they 
hybridize  with  the  valence  bands. 

The  electron-phonon  interaction  parameter  A,  which  governs  Tc  in  the 
conventional  theory  of  superconductivity,  is  given  by  A  -  N(Ep)<I^>/F, 
where  F  is  a  force  constant  which  gives  an  average  stiffness  of  the 
crystal  against  phonon  modes,  and  <1^>  is  an  average  electron-phonon 
matrix  element.  Ue  have  calculated  values  for  qs  -  N(Ep)<l^>s  using  the 
rigid  muffin-tin  approximation  to  evaluate  the  average  electron-phonon 
matrix  elements  <1^>S  for  each  site  s.  These  results  are  listed  in  Table 
1  along  with  the  total  and  decomposed  DOS  at  Ep,  which  enter  the  calcula¬ 
tion  of  i;s. 

The  calculated  values  of  ijs  for  the  Y  compound  are  qualitatively 
similar  to  those  for  La  and  Ba  compounds,  the  latter  of  which  were 
reported  and  discussed  in  a  previous  paper^.  In  Ref.  11  it  was  argued 
that  Tc  could  be  calculated  as  a  function  of  a  single  parameter  represent¬ 
ing  an  average  Cu-0  force  constant.  The  argument  was  based  on  the  result 
chat  ijm  was  nearly  zero  for  these  materials.  Calculations  of  Tc  as  a 
function  of  this  parameter  showed  that  Tc’s  of  30  to  40  K  could  be 
achieved  with  a  modest  amount  of  phonon  softening.  The  same  conclusion  is 
probably  true  for  the  Cs  compound,  although  a  similar  qualitative 
analysis  would  not  be  valid  owing  Co  the  substantial  contribution  of  iCs- 
In  spice  of  the  large  increase  in  N(Ep)  for  CSCUO3,  n  is  about  the  same  as 
for  the  Y,  La,  and  Ba  compounds.  Unfortunately,  the  large  increase  in 
N(Ep)  is  approximately  cancelled  by  a  corresponding  decrease  in  the  size 
of  the  matrix  elements  for  the  Cu  and  0  sites. 


Our  calculations  suggest  that  the  ideal  perovskite  analogs  of  the 
high-Tc  oxide  superconductors  would  themselves  be  high-Tc  materials  if 
they  were  to  form  in  Che  ideal  (no  defects)  perovskite  structure.  It 
seems  unlikely  that  this  conclusion  would  change  if  the  calculations  were 
carried  out  using  more  reliable  estimates  of  the  lattice  constants.  Ue 
plan  to  carry  out  total  energy  calculations  on  these  idealized  materials 
in  the  future  to  answer  conclusively  this  question  and  to  investigate  the 
stability  of  che  perovskite  structure. 
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DOS  (STATES/Ry) 


DOS  (STATES/eV) 


Table  1. 


Feral  energy  Ep  (Ry) ,  decoaposed  and  total  densities  of  states 
(states/Ry)  at  Ep  and  contributions  to  ^  (eV/A2)froa  the  M,  Cu, 
and  0  sites  in  MCuOj. 


Ef 

M-La 

0.382 

M-Ba 

0.280 

M-Cs 

0.233 

M-Y 

0.551 

N(M-s) 

0.0042 

0.0071 

0.0645 

0.0050 

N(M-p) 

0.0189 

0.4968 

15.7506 

0.0095 

N(M-t2g) 

N(M-e.) 

0.0442 

0.1601 

0.3147 

0.0307 

0 . 0034 

0.0013 

0.1767 

0.0060 

N(M-f) 

0.0956 

0.0899 

0.4303 

0.0244 

N(Cu-s) 

0.1219 

0.1205 

0.0743 

0.1205 

N(Cu-p) 

0.2607 

0.4087 

0.2578 

0.1923 

N(Cu- t2») 
N(Cu-eg) 

0.0754 

0.7294 

6.6017 

0.0156 

7.383S 

4.9116 

3.6857 

7.0666 

N(Cu-F) 

0.0181 

0.0890 

0.0628 

0.0119 

N(O-s) 

0.2175 

0.1614 

0.1058 

0.2733 

N(O-p) 

9.6388 

26.4336 

61.3162 

6.8178 

N(0- t2g) 

0.0144 

0.0135 

0.0238 

0.0136 

N(0-e  ) 

0.0868 

0.0765 

0.0581 

0.0982 

N(O-F) 

0.0229 

0.0099 

0.0190 

0.0277 

N(Ef) 

19.3697 

36.7274 

94.9097 

15.8271 

tjM 

0.000 

0.012 

0.485 

0.000 

fjCu 

0.894 

1.650 

0.815 

1.127 

ijO 

1.433 

1.810 

1.528 

2.139 
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Abstract 

The  anisotropic  resistivity  paa  and  Hall  coefficient  Rq^  of  La2..xMxCu04 
are  analyzed  as  a  function  of  x  using  a  rigid  band  treatment  of  the  previously 
given  LAPW  bands  of  tetragonal  La2Cu04.  The  experimental  />XX(T)  is  used  to 
extract  Atr-3.8,  which  permits  a  conventional  electron-phonon  interpretation 
of  the  high  Tc.  The  Hall  coefficients  are  qualitatively  explained,  including 
sign  discrepancies  in  published  measurements. 
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In  cubic  metals,  band  theoretic  analysis  of  transport  properties  has 
given  insight  into  electron -phonon  interactions  and  superconducting  proper¬ 
ties.  Here  we  present  a  similar  analysis  for  the  new  super tonducting 
materials  based  on  with  TC-40K.  A  new  feature  of  this  analysis  is 
that,  unlike  materials  studied  previously,  these  have  highly  anisotropic 
transport  behavior.  Our  conclusion  is  that  a  consistent  picture  of  both 
transport  and  superconductivity  can  be  based  on  the  standard  electron-phonon 
model,  using  available  density- functional  band  structures . ^ ^  This  conclusion 
agrees  with  the  calculation  of  Weber,  ^  and  Pickett  et  al.,**  and  is  not 
directly  contradicted  by  any  experimental  evidence  (the  zero  isotope  effect® 
has  only  been  reported  in  YBa2Cu307>. 

The  Bloch -Boltzmann  theory  of  transport  properties,^  like  the  BCS-Eliash- 
berg  theory  of  superconductivity,®  rests  on  the  Migdal  approximation® > ^  and  is 
believed  to  be  quantitatively  reliable  provided  three  circumstances  hold:  (1) 
the  dominance  of  electron-phonon  (as  opposed  to  Coulomb)  interactions,  (2)  the 
availability  of  the  correct  quasiparticle  band  structure,  and  (3)  the  small¬ 
ness  of  the  parameters  N(<p)ftwQ  and  N(ep)ft/r  where  N(tp)  is  the  Fermi-level 
density-of-states ,  u>d  is  a  characteristic  phonon  frequency,  and  1/r  the 
electronic  scattering  rate.  The  degree  of  success  of  our  calculation  serves 
as  a  test  of  the  conjecture  that  circumstances  (1)  and  (2)  hold;  circumstance 
(3)  is  directly  checked  later  in  the  paper. 

The  free-electron  formulas  o-ne^r/m  and  R^-'l/ne  are  meaningless  except 
in  cases  where  bands  are  parabolic,  which  does  not  apply  here.  On  the  other 
hand,  a  complete  treatment  using  Bloch- Boltzmann  theory  is  impossible  until 
more  is  known  about  the  phonon  spectrum.  Therefore  we  use  an  intermediate 
level  of  theory,  where  the  collision  term  in  the  Boltzmann  equation  is  repre- 


sented  by  -(Fk-fk)/r,  F k  and  fk  being  the  non-equilibrium  and  equilibrium 
(Fermi-Dirac)  distribution  functions.  This  model  does  not  adequately  describe 
effects  due  to  inelastic  or  anisotropic  scattering,  but  such  effects  are  quite 
unimportant*  except  below  T-tfp/2.  The  correct  semiclassical  dynamics  is  used, 


giving  the  results: 
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Jo  -  +  °a0yZ0*y  +  -  •  • 

o.afi  -  e2r(n/m)Q/9  -  (e2f/0)  £  vkQvk£  «(rk-<F) 


(1) 


(2) 


°c,py  ”  •(e2r2/f>c(l)  l  vkQ  |(vkX£k)7vk^J  «(<k-<F) 


(3) 


where  and  fl  is  the  volume  of  the  crystal.  Ve  use  the  body- 
centered  tetragonal  (l^NiF*,)  unit  cell  with  a-3.79  A  and  c-13.21  A.  The 
tetragonal  symmetry  makes  oQp  diagonal  with  oXx”ayy  f  °zz  •  and  aa$i  vanishes 
unless  the  tetragonal  axes  a, 0,7  are  all  different.  The  Onsager  antisymmetry 
O0Qy~-oapy  combined  with  tetragonal  symmetry  shows  that  there  are  only  two 


independent  components, 


7xyz 


(when  B  is  parallel  to  the  c  axis,  z)  and 


°yzx-<7zxy  (w^en  B  is  in  the  basal  plane) .  The  corresponding  elements  of  the 


(A) 

11 


Hall  coefficient  tensor  are 

RXyz  “  £y/jxBz  ”  axyz/axxayy 

with  RyZx-Rzxy  given  by  cyclic  permutation.  The  formula  for  r  is  in  general 
quite  complicated,  but  at  temperatures  of  order  0.70 p  or  higher,  a  good1-** 
approximation  is 

fi/r  -  2wAtrkgT/Fth  (5) 

<->  i 

(6) 

Here  ltr  is  a  close  approximation  to  the  coupling  constant X  which  fixes  Tc , 
and  Fth  is  a  thermal  correction  factor.  The  value  of  Xtr  can  be  deduced  by 


Fth  2  (1 -0 . 0385p/T2) '* 
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comparing  Eqs.  (2)  and  (5)  with  tha  experiment.  In  the  approximation  used 
here,  r  cancels  from  Eq.  (4)  for  ty. 

Energy  bands  were  taken  from  Ref.  (4).  The  effect  of  alloying  with 
divalent  atoms  (Sr,  Ba)  in  place  of  La  was  treated  in  rigid  band  approximation 
by  lowering  the  Fermi  level  appropriately,  to  accommodate  x  holes  per  primi¬ 
tive  cell  according  to  the  formula  La2-x^x^u04-  For  small  x  an  orthorhombic 
distortion  occurs  which  opens  a  gap,  converting  pure  L^CuO^  into  a  semicon¬ 
ductor.  The  calculation  was  for  the  hypothetical  tetragonal  metal  which 
presumably  closely  approximates  the  actual  structure  of  the  superconducting 
phase.  For  purposes  of  performing  the  Brillouin-zone  sums  in  Eqs.  (2,3),  the 
tetrahedron  method  was  used  on  a  dense  mesh  of  -1000  inequivalent  k-points. 
The  values  of  on  this  mesh  came  from  a  careful  Fourier  interpolation  based 
on  LAPW  calculations  at  135  inequivalent  k-points. 

Numerical  results  are  shown  in  Fig.  1  and  Table  I.  There  is  inevitable 
noise  in  Brillouin  zone  sums  which  stems  from  the  finite  number  of  k  points  at 
which  the  bands  are  actually  computed.  Fourier  interpolation  can  also 
introduce  unphysical  oscillations,  but  we  minimized  these  using  variations  of 
the  scheme  of  Koelling  and  Wood.^  Nevertheless,  mild  unphysical  oscillations 
exist,  which  are  magnified  in  second  derivatives  of  especially  in  the  z 
direction  where  dispersion  is  small  and  sampling  was  sparse.  Therefore  the 
Hall  tensor  (which  involves  second  derivatives)  is  especially  noisy,  and  this 
shows  up  in  Fig.  1  as  a  discrepancy  between  Ry2X  and  RZXy.  which  are  supposed 
to  be  equal  by  symmetry.  The  computed  RyZX  is  quite  smooth,  whereas  RZXy 
(which  alone  involves  3^</3kz  )  has  kinks  and  oscillations.  The  magnitudes 
are  always  in  quite  good  agreement,  especially  in  the  range  near  x-0.15  of 
optimum  Tc.  The  small  kinks  seen  in  N(«)  in  Fig.  1  line  up  with  the  large 


kinks  in  RZXy,  shoving  th«c  these  ere  also  numerical  noise. 

A  convenient  formula  which  follows  from  Eq.  (2)  and  (5)  is 

WFth  -  0.842xl0'3(/)oo(295K)-paa(0))nJaa  (7) 

where  p  is  measured  in  pfi  cm,  p( 0)  is  the  residual  resistance  and  the  Drude 
plasma  frequency  (in  eV)  is  defined  by 

Opa/}  “  4*e2(n/m)Q0  -  ^e2N(<p)<vlcavk^>/ncell  (8) 

where  flccn  is  the  volume  of  a  unit  cell  and  the  average  over  the  Fermi 
surface  denoted  by  <  >  is  defined  by  comparing  Eq .  (8)  with  Eq .  (2).  Figure  1 
shows  that  whereas  the  density  of  states  N(<p)  is  rapidly  varying  as  x  varies 
(this  is  a  2-d  logarithmic  saddle  point  feature,  broadened  into  a  bump  by  the 
weak  z-direction  dispersion  of  the  band)  the  Drude  plasma  energy  is  smoothly 
varying  and  thus  presumably  insensitive  to  the  minor  discrepancies  between  the 
various  energy  band  calculations  of  Refs.  (3,4).  Since  fip  is  the  only 
theoretical  input  needed  in  Eq.  (7)  to  obtain  A  from  p,  this  method  is 
especially  reliable,  provided  single-crystal  resistivity  measurements  are 
used.  A  large  single  crystal  was  measured  by  Hidaka  et  al .  ^  Unfortunately 
the  superconducting  and  transport  properties  are  not  perfect  enough  for  our 
purposes.  Very  beautiful  measurements  were  obtained  by  Suzuki  and  Murakami^ 
on  a  thin  film  single  crystal  of  La2-xSrxCu04  with  x-,06  and  a  superconducting 
transition  between  15  and  23K.  The  film  was  grown  epitaxially  on  SrTiC>3  (100) 
and  has  the  c  axis  perpendicular  to  the  film.  The  measured  value  of  pxx(0) 
was  extrapolated  to  be  -250  pO  cm,  and  Pxx(295K) -pxx(0)  is  -450  pU  cm.  Taking 
Op-2. 9  eV  from  Table  I,  Eq .  (7)  yields  -*t:r/Fth_J  ■  2  •  The  thermal  factor  Fth  is 
greater  than  1  and  probably  less  than  1.2  yielding  Atr-3.2-3.8  which  can 
easily  give  TC-40K  or  higher.  This  conclusion  is  consistent  with  estimates 
made  in  Refs.  4  and  5.  Gurvitch  reported^  a  preliminary  estimate  of  Atr 


using  an  isotropic  average  Op*  from  Matthelss4  and  polycrystalline  data  for 
p(T) .  His  estimate  of  Atr  was  similar  in  magnitude. 


An  important  question  is  whether  the  measured  temperature -dependent 
resistivity  is  actually  caused  by  electron-phonon  interactions  and  can  be 
analyzed  using  Bloch-Boltzmann  theory.  The  data  of  Ref.  15  give  very  strongly 
the  expected  appearance  of  an  electron-phonon  mechanism,  except  that  the  value 
of  p  is  larger  by  10  than  in  other  good  electron-phonon  metals.  This  mag¬ 
nitude  is  accounted  for  in  our  model  by  the  smallness  of  (n/m)eff  and  the 
strength  of  the  scattering  as  measured  by  A.  A  test  of  the  validity  of  the 
analysis  is  to  compute  the  dimensionless  ratios  N(<p)ft/r  and  a/£.  Both  are 
about  1  at  295K  in  our  analysis.  This  is  common  in  good  superconductors  such 
as  rrt^Sn.^  However,  in  the  past  whenever  these  ratios  became  as  large  as  1 ,  a 
strong  "saturation"  effect*7  occurred  in  p( T) ,  indicating  a  failure  of  Bloch- 
Boltzmann  theory,  whereas  no  sign  of  saturation  appears  in  the  data  of  Ref. 
15.  A  difference  between  L^CuO^  and  Nb3Sn  is  that  in  ffi^Sn  there  are  for 
almost  all  j<  at  the  Fermi  surface,  other  bands  within  ft/r-0.3  eV  of  cp,  which 
mix  with  the  band  at  «p  at  higher  T  due  to  virtual  phonon  scattering.  In 
l^CuO^,.  with  an  even  larger  h/r- 0.6  eV,  there  are  no  other  bands  this  close 
for  most  k.  Allen  and  Chakraborty*®  have  shown  how  the  virtual  interband 
scattering  effect  provides  a  plausible  mechanism  for  the  saturation  effect, 
and  the  present  data  add  weight  to  the  argument. 

A  prediction  of  the  present  calculations  is  the  anisotropy  ratio 
2  2 

^’zz/^xx”(f7pxx/npzz)  which  is  28  at  x-0.15.  This  anisotropy  has  not  yet  been 
measured  in  crystals  with  good  (Bloch-Boltzmann-like)  conductivity.  However. 
Shamoto  et  al .  have  reported  "preliminary  measurements"  of  the  critical 
field  (Hc2)  anisotropy  for  T  close  to  Tc,  obtaining  (Hc2 1|  /Hc2±)^~*70  and  <*0 
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for  crystals  doped  with  Ba  and  Sr  respectively.  This  ratio  should  approxi¬ 
mately  equal  />22/Pxx- 

The  Drude  plasma  frequency  is  in  principle  accessible  to  optical  measure¬ 
ment,  from  the  formula^® 


'ktf  " 


nja0/4iri 

w(l+A(w))  +  i/r(u) 


interband,  . 

+  °aP  ‘ 


For  u)>u>d,  the  phonon  part  of  A(w)  decays  to  zero  and  the  phonon  part  of  1/r 
becomes  a  constant.  A  non-phonon  (e.g.  ordinary  Coulomb)  contribution  to  A 
may  remain  at  t^Op  however,  which  will  affect  the  apparent  measured  value  of 
tip,  as  will  structure  in  the  interband  part.  Single  crystal  infrared  data 
have  not  yet  been  reported,  but  would  be  very  useful.  On  polycrystalline 
samples,  Tajima  et  al . have  reported  a  plasma  edge  at  wavelength  1.5  pm  or 
fiOp-0. 83  eV,  which  can  be  compared  with  our  values  of  2.9  eV  and  -0.5  eV  for 
light  polarized  j.  or  to  the  c  axis. 

Finally  we  discuss  the  Hall  coefficient.  The  only  single  crystal 
measurement  reported  so  far  is  RXyZ,  with  the  B  field  perpendicular  to  the 
same  film^  on  which  PXX(T)  was  measured.  The  result  has  an  interesting  T 
dependence  not  contained  in  the  simple  theory  of  Eqs .  (2,3).  However,  the 
accuracy  of  Eqs.  (2,3)  is  expected  to  be  less  for  Ry  than  for  p.  The  reason 
is  that  these  equations  are  equivalent  to  an  ansatz  that  the  distribution 
function  F  is  displaced  rigidly  in  reciprocal  space  by  an  amount  proportional 
to  E  (when  B-0)  and  by  an  additional  amount  proportional  to  ExB  when  B^D.  The 
variational  principle7  (which  holds  for  p  but  not  for  RH)  ensures  that  an 
error  of  order  t  in  F  translates  only  into  an  error  of  order  t  in  p,  but 
remains  on  error  of  order  c  in  R^.  In  Nb  and  Cu,^®  Eqs.  (2,3)  do  quite  well 
for  Rh  at  T-300K,  while  in  Pd,7^  large  curvature  anistropy  caused  an  error  of 
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*  factor  of  2.  At  lower  T,  significant  T-dependence  occurs  in  RH  of  Cu,  which 
has  been  explained^3  semiquantitatively  by  including  corrections  in  F  due  to 
inelasticity  and  anisotropy.  The  temperature  dependence  of  Rxyz  reported  in 
Ref.  15  is  not  entirely  unlike  that  seen  in  Cu,  and  may  be  explainable  as  an 
electron-phonon  effect  when  a  more  complete  calculation  is  possible.  The 
measured  magnitude  of  Rxyz  at  300K  is  +92x10*  ^m3/C,  larger  by  a  factor  2.6 
than  our  calculated  value  of  36x10* ^^m3/C  at  x-0.06.  This  discrepancy  is  not 
much  outside  our  previous  experience  in  better  understood  metals,  and  the  sign 
is  correct  (hole-like).  It  is  interesting  that  Rxyz  is  predicted  to  switch  to 
electron-like  at  x>0.24.  This  result  underlines  the  fallacy  in  interpreting 
R^  as  -1/ne.  Such  a  picture  would  require  a  diverging  number  of  holes  as  x 
increased  toward  0.24,  which  converts  instantly  to  a  diverging  number  of 
electrons  as  x  increases  further.  It  is  also  interesting  that  when  the  B 
field  is  oriented  parallel  to  the  metallic  xy  layers,  the  Hall  coefficient  is 
predicted  to  be  electron- like .  This  helps  explain  why  measurements  on 
polycrystalline  samples^4  by  different  groups  have  yielded  differing  signs  of 

rH- 

In  summary,  our  results  show  that  the  biggest  puzzle,  the  origin  of  the 
high  Tc,  is  compatible  with  p{ T)  and  band  theory  in  a  conventional  electron- 
phonon  interpretation  in  l^CuO^, -based  superconductors.  This  makes  the  zero 
isotope  shift  of  YBa2Cu307  all  the  more  puzzling.  A  new  puzzle  is  exposed, 
the  absence  of  saturation  in  p{ T)  when  a/i  -  1,  and  a  possible  resolution  is 
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Figure  Caption 

Figure  1.  Rigid  band  calculations  of  density  of  states  N(«p),  Hall  coeffi¬ 
cients,  and  Drude  plasma  energies  of  La2-xMxCu04  versus  x,  the  concentration 
of  the  divalent  atom  M.  Negative  x  could  be  achieved  by  doping  with  a 
quadrivalent  atom. 
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Table  Caption 

Table  I.  Rigid  band  calculations  as  in  Fig.  1  at  various  concentrations  x  of 


divalent  atoms . 


High  Temperature  Superconductors:  Electronic  Structure  Changes  due  to  Replacement  of  la  with  6a 
and  Sr  in  the  Cu-0  -  based  Systems 

H.  KRAKAUER,*  W.  E.  PICKETT,  0.  A.  PAPACOHSTANTOPOULOS,  AND  L.  L.  BOYER 
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The  replacement  of  some  la  in  LajCuO^  with  divalert  atoms  has  been  found  to  lead  to  high 
temperature  superconductivity  with  Tc« 30 - 4 0  K.  7hese  Superconductors  have  a  bet  layer  perovskite 
structure  with  large  anisotropies  in  their  electronic  band  structure.  Using  first  principles 
local  density  methods  applied  to  both  layer  perovskite  and  the  related  cubic  perovskite 
structures,  we  find  that  alloying  on  the  la  site  leads  to  large  changes  in  the  chemical  bonding  of 
both  structures,  except  near  the  fermi  level  where  a  rigid  band  picture  is  reasonable.  large 
changes  in  the  spectral  density  near  the  "dopant”  atom  occurs  on  both  the  nearby  0  and  Cu  atoms, 
and  is  not  simply  described  by  a  Cu(2* ) -Cu(3+)  valence  change.  These  results  are  consistent  with 
recent  x-ray  absorption  studies  by  Tranquada  et  a). 


The  discovery  of  high  temperature  superconduc¬ 
tivity  in  rare-earth  copper  oxides  by  Bednorz  and 
.'■filler  [1]  and  the  subsequent  extension  of  the 
critical  temperature  (Tc)  to  the  SD-lOO  K  range 
by  a  large  number  of  laboratories  has  raised 
intriguing  questions  regarding  the  origin  of  the 
coupling  mechanism  in  these  materials.  The 
important  questions  are  more  fundamental  even 
than  the  origin  of  the  pairing  interaction, 
however,  since  these  copper  oxides  are  qualita¬ 
tively  different  from  previous  high  Tc  supercon¬ 
ductors.  These  copper  oxides  are  ceramics  which 
m  spite  of  being  metallic  possess  a  large  degree 
cf  ionic  character.  As  a  result,  the  electronic 
structure  and  response,  the  effects  of  alloying 
a-c  the  character  of  the  electron-phonon  interac¬ 
tion  may  be  qualitatively  different  from  conven¬ 
tional  superconductors. 


2.  DtSCFTPnq:  Of  THE  CAICLTAI7CMS 

We  have  used  the  Linearized  Augmented  Plane 
wave  (1AFW)  method  (2]  to  investigate  the 
electronic  structure  of  La^CuC^  and  LaBaCuO^. 
Since  the  layer  perovskite  structure  is  a 
relatively  low  symmetry  bet  structure  and 
displays  an  unusual  iruxture  of  ionic  and  metallic 
characteristics,  it  is  preferable  to  use  the 
fully  general  form  for  the  density  and  potential 
which  we  have  implemented  m  our  LAW.  For  the 
cubic  perovskites  MCI1O3,  M=La,Ba,  we  have  used 
the  Aucjnented  Plane  Wave  method  in  the  muffin-tin 
approximation.  In  both  sets  of  calculations  the 
Haiu-.-Lndqvist  form  of  local  density  exchange- 
correlation  potential  was  used.  A  more  carplete 
description  of  the  methods  has  been  presented 
elsewhere  [3). 

3.  DISCUSSION 

A  synopsis  of  the  phe-nanenology  of  the  La-CU-0 
system  is  thus.  The  pure  La  ccrpxxmd,  which 
probably  contains  a  few  percent  0  vacancies, 
appears  from  the  rise  in  resistivity  at  low 
temperature  to  be  semiconducting.  Investigation 
of  its  crystal  structure  revealed  a  unit  cell- 
doublirq  distortion  to  an  orthorhombic  structure 
[4],  When  Sr  or  Ba  is  substituted  for  La, 
however,  the  orthorhombic  distortion  is  inhibited 
(or  very  nearly  so),  the  material  shows  metallic 
resistance  behavior,  end  it  becomes  superconduct¬ 
ing  at  30-40  K  [1,5,6].  A  central  question  then 


is  the  role  of  the  alkaline  earth  alloying.  Does 
this  replacement  simply  "dope"  the  semiconducting 
orthorhombic  phase,  thereby  causing  it  to  become 
metallic,  and  therefore  superconducting?  Does 
addition  of  Ba  or  Sr  move  the  system  away  from,  an 
electronic  instability,  and  therefore  restore  a 
crystal  structure  which  is  superconducting?  This 
point  of  view  has  been  taken  by  Mattheiss  [7]  and 
by  Weber  [8],  who  find  a  strong  coupling  between 
the  in-plane  Cu-O  breathing  mode  end  electronic 
states  near  the  Fermi  level.  Finally,  there  is 
even  the  possibility  that  the  divalent  cation  is 
essentiad  to  the  pairing  of  electrons,  such  as 
might  result  from  a  Cu(2+)  to  cu(3+)  valence 
change  or  fluctuation. 

It  is  such  questions  as  these  which  have  led 
us  to  study  the  influence  of  Ba  on  the  electronic 
structure  of  La^CuO, .  The  question  of  the 
valence  change  is  clear  in  cxir  calculations:  the 
electron  which  is  lost  when  one  La  at on  per  unit 
cell  is  replaced  with  a  Ba  atom  canes  more  or 
less  equally  from  the  Cu  and  the  fair  0(x,y) 
atoms,  that  is,  it  simply  canes  from  the  O-Cu 
bard  crossing  the  Fermi  level.  Thus  we  find  no 
support  for  the  widely  discussed  cu(2+; -Cu(3*) 
valence  change,  and  this  is  in  agreement  with  the 
x-ray  absorption  studies  of  Trarquada  et  al.  [9] 

By  comparing  the  density  of  states  N(E)  of 
La-CUO^  and  LaBaCuO^  near  the  number  of  electrons 
for  x=0. 0-0. 2 ,  we  can  ascertain  whether  a  rigid 
band  model  is  reasonable  for  describing  the  bands 
near  Ep  in  La2_xBaxCu04.  The  rigid  band  picture 
has  been  invoked  without  explicit  justification 
by  several  workers,  based  cm  its  success  (for 
small  alloy  concentrations)  in  many  metallic 
systems.  In  the  present  materials,  which  have  a 
high  degree  of  ionic  character  and  for  which  the 
alloying  involves  replacing  the  La^  ion  with  a 
ion,  the  rigid  band  picture  must  be  suspect. 
Our  results  show,  however,  that  near  Ep  this 
picture  should  give  a  reasonable  description  of 
N(E) ,  and  therefore  apply  about  equally  well  to 
both  Ba  and  Sr  additions.  Well  belov  Ep,  on  the 
other  hand,  the  spectral  density  on  both  the  cu 
and  O(z)  atoms  near  the  Ba  atom  is  rearranged 
substantially.  ’These  shifts  may  produce  changes 
in  the  polarizability  of  the  material  which  will 
affect  the  electronic  response,  which  oauld  in 
turn  be  important  in  either  pho.nonic  or  elec¬ 
tronic  pairing  mechanisms. 
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figure  i.  Band  structure  of  (.*2^04  along  several  directions,  given  in  units  of  (r/a,  r/a,  2*/c)< 
h*l/2.  High  symmetry  points  are  labelled  at  the  top. 


Using  the  rigid  band  picture,  then,  we  can 
give  the  band  theory  prediction  of  the  effects  of 
varying  the  Ba  (or  Sr)  concentration  JC.  *  van 
Hove  singularity  occurs  in  the  density  of  states 
(published  previously  (3])  at  x-0.14,  shich  is 
also  very  near  the  concentration  at  which  the 
measured  Tc  is  found  to  be  a  maximum.  The  band 
structure  along  several  directions  is  shown  in 
Fig.  1,  where  the  position  of  the  van  Hcwe 
singularity  along  the  (kx,0,0)  direction  is 
reflected  in  the  band  which  canes  within  0.1  eV 
of  Ep.  We  find  N(Ep,x-0. 14J-29  states/Ry-cell, 
compared  to  N(Ep,x»0.0)«16  states/Ky-cell,  which 
leads  to  an  increase  in  the  Mcttillan-Hopfield 
parameter  (one  component  of  the  electron-phonon 
interaction  strength)  by  20%  for  the  Cu  atm  and 
nearly  50%  for  the  in-plane  0  a  tat.  The  studies 
of  the  electron-phonon  cabling  strength  and 
resulting  values  of  Tc  are  presented  elsewhere  in 
these  proceedings. 
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Calculations  of  the  Superconducting  Properties  of  Cu-0  Based  Perovskite-like  Structures 
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Naval  Research  laboratory,  Washington,  DC  2037 S - S000 
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we  htve  used  the  results  of  first  principles  local  density  tend  structure  calculations  to 
calculate  the  KcKi  1 1  an- Hopf leld  parameter  n  in  a  series  of  ordered  cubic  perovsi.ite  and  layered 
perovstite  structures  of  the  font.  M,N  CuOz,  where  M  and  N  are  la,  Ba,  and  Cs.  We  find  relatively 
low  values  of  n  compared  to  those  of  transition  metal  superconductors,  but  withir.  a  range  of  soft 
oxygen  phonon  modes  the  resulting  electron-phonon  coupling  strength  x  is  large  (- ~ 2 . S ) .  This 
strength  appears  to  be  sufficient  to  explain  the  high  transition  temperatures  Tt- 30- 4 0  K  in  these 
materials  within  the  usual  el ectron- phonon  mechanism. 


L-TmCDfCnON 

The  recent  remarkable  discoveries  ;i-i  ]  of 
superconducting  transition  temperatures  Tc  in  the 
range  of  40-100  K  in  perovskite-like  ccnpounds, 
has  raised  the  question  as  to  whether  the 
traditional  electron-phonon  mechanist)  is  valid  in 
these  systems .  We  investigate  this  question 
•using  a  method  which  has  been  highly  successful 

evaluating  the  superconducting  properties  of 
the  previously  known  superconductors. 

caictlation;  a; o  distjssiom 

We  have  performed  bard  structure  calculations 
;s;  for  the  system  lag^Sa^-CiiO^y  with  x»0,l  and 
y-0.  Thus  alloy  is  a  high  temperature  supercon¬ 
ductor  for  sroll  values  of  x  and  y,  with  a 
:u>:_tr.  T(J<0  K  at  x*0.1S.  We  have  used  the 
results  of  the  bard  calculations  and  the  theory 
cf  Gaspari  and  Gyorffy  [f]  to  calculate  the 
yupill lan-Hopfield  parameter  i  «N(EF)<I^>.  The 
values  of  n  together  with  the  average  electron¬ 
ic..'.  matrix  elements  <I2>  are  given  in  Table  I  for 
each  component  of  the  layered  ocrpcurris  LajCUC^ 
ard  LabaCuO^  and  for  the  x=0.14  material  in  the 
r.gic  bard  approximation.  For  comparison  we  have 
also  pemiormed  similar  calculations  for  the  cubic 
pe rove kites  LaCuOj,  BaCuOj  and  CsCuOj  and  the 
results  are  included  in  Table  I.  Fran  Table  I  we 
note  that  N(EF)  is  significantly  larger  for  the 
ba  than  for  the  La  co-pounds.  However,  in  the  Ba 
cerpeurds  the  matrix  elements  <IJ>  decrease 
rocerately  for  the  Cu  site  ard  substantially  for 
the  0  sites. 

As  a  result  n,  which  is  the  product  of  N(EF) 
ard  <I^>,  doesn't  increase  proportionally  to 
!J(Er).  In  fact  1q  decreases  frcn  LajCUO^  to 
LaiaTuO^  in  spite  of  the  factor  of  three  increase 
in  N(Er).  An  interesting  point  is  that  the 
values  of  ard  i  are  fairly  close  between 
tot 

La-CuOy  a-d  LaCuOj  which  suggests  that  the  cubic- 
p-irc.-skite  structure,  if  stable,  might  also 
provide  high  temperature  superconductors. 

If  we  consider  the  per  ator  value  of  both 
jl(Ep)  a-d  n  in  these  materials  it  teccnes  clear 
tbit  they  both  are  sigm.if  icantly  scalier  t-har. 
tnose  of  previously  referred  to  as  high  terpera- 
ture  s-perconductors  (A15  ccrpcxunds,  Kbf,  etc.). 
On  the  other  hard  an  analogy  can  be  drawn  with 

eV 

PdH  which  has  H(tr)-0.48  stat es/eV,  tp^O. 66-j- , 
m^o.39 -Sy  a-d  Tcml0  K.  In  PdH  soft  phonon 


nodes  associated  with  hydrogen  vibrations  have 
been  shown  to  be  responsible  for  the  electron- 
phonon  coupling  [7). 

In  an  attempt  to  raise  the  value  of  o  in  this 
class  of  rater ials  we  performed  the  sane  calcula¬ 
tion  for  CsCuOj.  This  calculation  brings  Er  into 
a  high  DOS  region  (K(EF)*=3.46  states/eV/spin)  but 
cue  to  a  decrease  in  <!*>  the  values  of  n ,  with 
the  exception  of  re-ain  close  to  those  of 

the  other  ccrpourds. 

In  this  spirit  we  calculate  the  electrcn- 
phenon  coupling  •  as  fcllcxvs.  we  first  write  • 
as  a  sin.  of  contributions  for  the  different 
atomic  sites,  i.e. 


\*La  «Cu 

where  <u2>  is  an  nr s  vitrarioral  frequency. 
Because  we  find  that  ij^aO  end  because 
we  can  write, 


The  average  phonon  frequencies  -'qj  end  -0  may 
be  obtainable  from  Born-von  Kamman  fits  to 
neutron  scattering  measurements .  However,  since 
such  analysis  is  not  available  at  present  we  have 
made  the  simplifying  assu-ption  that 


which  follows  if  Cu-0  modes  dominate  the  coupling 
to  Eerru  surface  electrons.  Treating  -0  as  a 
variable  parameter,  we  have  calculated  >  as  a 
function  of  <-0.  Subsequently  we  calculate  Tc 
using  the  Alien-Dynes  equation  (8): 

Tc  ‘  flf2  UJ23.  e*P2  V  —  °<(-  ° . .1 

1.2  [_  ,  -  e  -0.62  *x 

where  is  the  Coulcrb  pseudopctential  the 

inclusion  of  the  prefaotors  f^  and  fg  ire 
important  for  large  values  of  i  as  discussed  by 
Allen  and  Dynes. 

Cur  results  for  both  i  and  Tc  as  a  function  of 
«-'0  are  ahown  in  Fig.  1  for  x-0.0  and  for  x-0.14 
based  an  a  rigid  band  model  evaluation  (justified 
else.here)  of  N(Ej-)  and  n . 
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Figure  1  shews  that  for  values  -0  close  to 
200  X  A  is  About  2.6  end  Tc  is  about  IS  X.  This 
result  indicates  that  as  long  as  the  average 
phonon  frequency  is  in  the  above  frequency  range 
at  least  the  40  X  superconductors  can  be  under¬ 
stood  within  the  conventional  electron-phonon 
mechanism. 
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Figure  1.  Calculated  values  of  a  (right  hand 
scale)  and  Tc  (left  hand  scale).  In  each  case 
the  lower  curves  refer  to  LajCuO-  (i.e.  stars  and 
diamonds)  and  the  upper  curves  (triangles  and 
squares)  refer  to  La  j  66(ea,Sr)0  ]<Cu04. 


Table  I.  Densities  of  states  at  Ef  (states/eV/spin) ,  electron-ion  matrix  element  <1?>  (eV/A) 2  and 
HcKillan-Hopfield  parameter  ij  (eV/A‘)  per  atom,  and  the  total  n  for  all  0  atoms  in  the  cell.  For  the 
taeaCu04  compound,  the  la  and  Ba  quantities  have  been  averaged. 


la^CuOj  l al  .86^0. ] 4 C UO4  LaBaCu04 


laCuOj 


BaCuOg 


CsCu03 
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INTRODUCTION 


The  thermopower  tensor  SQa(T)  of  a  tetragonal  or  orthorhombic  crystal 
is  diagonal  in  the  crystallographic  axes  and  equals,  according  to 
Boltzmann  theory^ 


i(T)  — -a  /d 


7qq(«)  “  e2N(e)  vQ2(c)r(<) 


where  N(<).  vQ^(0.  and  r(<)  are  the  density  of  states,  mean  square 

velocity  (a-component)  and  scattering  lifetime,  averaged  for  states  with 
energy  i .  If  a  Sommerfeld  expansion  of  oaa(t)  is  valid,  the  integrals  in 
Eq .  (1)  yield  a  result  linear  in  T  and  proportional  to  a '  aa  (/j)/oao  (p)  . 
However,  the  integrands  in  Eq .  (1)  do  not  become  vanishingly  small  until 
±10kgT- . 02Ry  (at  300K)  above  and  below  so  the  Sommerfeld  expansion 

fails  and  S  is  not  linear. 


We  have  used  the  band  structure  of  Pickett  ec  al . ^  and  the  rigid  band 
approximation  to  calculate  SXX(T)  and  SZ2(T)  for  La2-xMxCu04  where  M  is 
Ca.Sr,  or  Ba.  The  values  of  N(<)  and  vQ2(t)  come  directly  from  the 
calculated  eigenvalue  spectrum,  whereas  r(«)  requires  an  additional 
calculation.  If  e lectron- phonon  scattering  dominates  (which  provides  a 
reasonable  and  conservative  explanation-*  for  the  measured  paa(T)  in 
samples  with  linear  T-dependence  and  rrr24)  then  r («)  is  given  by 


l/r(<)  -  2xA(e)kgT/ft 


and  X(c)  can  be  approximated  by  £  r)  (<)/M  <u?>  where  n  (t)  has  already 
been  calculated^  in  the  rigid  muffin  An  motfel.  Alternately,  if  impurity 
scattering  dominates,  one  might  assume  l/r(0  a  N(<),  or  possibly  l/r(<)  - 
const.  The  resulrs  for  oQQ(<)  and  SQQ(T)  for  all  three  models  are  shown 
in  Figs,  1  and  2.  All  three  models  predict  moderately  large  positive 
( "hole  - 1  ike “ )  behavior  of  Szz  and  smaller,  negative  ( "electron- 1  ike" ) 
behavior  of  Sxx.  In  polyc. rvs tall ine  samples,  Maeno  ec  al  .**  have  reported 
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Figure  2.  SZZ(T)  (positive  values) 
and  Sxx (T)  (negative 
values)  versus  T  for 
concentration  x-0.15. 

The  solid,  dotted,  and 
dashed  lines  follow  the 
code  of  Fig.  1. 


O-SJ  OS*  0S1  OS*  ov  OS* 

Energy  (Ry) 

Figure  1.  Upper  panel:  N(<)  vs  <;  Biddle  and 
lower  panels:  oxx(<)  *nd  ozz(<) 
assuming  (solid  line:  1/f  a  Z  ija/M#)  ; 
(docted  line  l/r  a  N(<));  (dashed  line 
1/r  -  const  )  The  verclcal  dotted  lines 
denote  <p(x)  for  concer  rations  x  of 
divalent  atoms  equal  to  02,  0.15,  01, 

0  05,  and  0  in  order  of  increasing 


a  positive  end  nearly  T- independent  S(T)  «  25?V/K  at  x-0.15  and  T-300  K. 
Ue  find  a  fairly  weak  x-dependence  of  S,  as  shown  in  Table  1.  It  is 
amusing  that  the  “sign  of  the  carriers*  predicted  in  our  thermopower 
calculation  switches  depending  on  crystallographic  orientation,  just  as 
our  prediction  of  the  Hall  tensor,^  but  in  an  opposite  way:  the  Hall 

coefficient  is  "hole-like"  if  the  orbits  are  in  the  xy  plane,  whereas  Sxx 
-  Syy  is  "electron- like" . 
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Table  I.  Thermopower  (in  jiV/K)  at  300  and  600  K  for  various 

concentrations  x  (the  crystal  structure  is  assumed  tetragonal 
K2NiF4-type;  the  scattering  rate  1/r  is  taken  proportional 
to  £  rja/Ma)  . 


X 

SXX(300K) 

SXX(600K) 

SZZ(300K) 

SZZ(600K) 

0.00 

-15. 

-20. 

59. 

111. 

0.05 

-17. 

-19. 

61 . 

105. 

0.10 

-15. 

-14. 

60. 

97  . 

0.15 

-  6. 

-  7. 

57. 

87. 

0.20 

6. 

1. 

50. 

76  . 
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CHARACTER  OF  STATES  NEAR  THE  FERMI  LEVEL  IN  YBa2Cu307 
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INTRODUCTION 


The  discovery  of  very  high  temperature  superconductivity  in  copper 
oxide  materials* raises  a  number  of  fundamental  questions.  Many  of 
these  are  related  to  the  fact  that  these  oxides  are  qualitatively  dif¬ 
ferent  than  nearly  all  other  high  temperature  superconductors  (they  are 
similar  in  some  ways  to  the  Ba-(Pb-Bi)-0  system).  Preparation  requires 
techniques  which  are  used  in  the  preparation  of  ceramics,  and  their 
properties  are  similar  to  many  ceramics  -  brittle  rather  than  malleable, 
strongly  tending  to  crack  rather  than  bend.  Yet,  at  high  temperature  they 
show  conductivity  characteristic  of  low  density  of  states  metals,  and 
become  superconducting  in  the  range  Tc  -  30-100  K. 


Band  structure  calculations*'-*  indicate  these  materials  are  metals 
with  bands  crossing  the  Fermi  level  which  have  Cu-0  d-p  character.  They 
are  relatively  broad  bands,  nearly  10  eV  wide,  which  arise  from  the  strong 
Cu-0  overlap  due  to  their  small  separation.  In  the  La-Ba-Cu-0  system  the 
bands  at  Ep  are  dpo  antibonding  bands,  and  several  studies*  ^  have  shown 
that  these  states  are  strongly  modulated  by  the  relative  motion  of  the 
atoms,  that  is,  there  is  a  strong  e lec tron- phonon  interaction  (EPI). 
These  studies  and  others^  indicate  chat  the  EPI  is  strong  enough  to 
account  for  the  observed  Tc  -  30-95  K  in  this  system. 


In  the  YBa2Cu307  system  (including  materials  obtained  by  the  replace¬ 
ment  of  Y  by  a  number  of  rare  earth  elements),  there  are  several  indica¬ 
tions  that  the  EPI  may  not  be  responsible  for  the  superconductivity  The 


high  values  of  Tc  .  in  the  90-100  K  range^,  alone  are  enough  to  suggest 


that  a  novel  mechanism  is  responsible,  and  recently  two  laboratories 


8.9 


have  found  no  detectable  dependence  of  Tc  on  the  mass  of  oxygen. 


The 


replacement  of  Y  by  a  number  of  rare  earch  elements  which  have  masses  up 
to  twice  as  large  and  Tc  over  90  K  also  suggests  that  superconductivity  is 
independent  of  the  mass  of  the  trivalent  atom  in  this  structure  Prelim¬ 


inary  studies*®  of  the  calculated  EPI  in  tin s  material  (using  the  rigid 


atom  approximation)  also  suggests  it  is  no  larger  than  that  in  the 
La - (Ba , Sr ) -Cu-0  system. 
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Whatever  the  mechanism  giving  rise  to  superconductivity  in  YBa2Cu3C>7 , 
there  seems  to  be  little  doubt  that  it  is  due  to  pairing  of  electron 
states  at  the  Ferai  level  Ep.  Therefore  it  is  of  central  interest  to 
investigate  the  character  of  the  states  at  and  near  Ep  and  their  energy- 
and  real-space  distribution.  In  this  paper  ve  present  results  of  detailed 
Linearized  Augmented  Plane  Wave  calculations  of  these  properties. 


CALCULAT I ONAL  RESULTS 

The  atomic  geometry  of  YBa2Cu307  has  been  determined  by  several 
groups. ^  The  unit  cell  is  orthorhombic  with  space  group  Pmmm,  containing 
one  formula  unit  per  unit  cell.  The  structure  can  be  pictured  as  a  defect 
perovskite  structure,  with  a  super  la tt ice  - 1 ike  ordering  of  the  Y  and  two 
Ba  atoms  along  the  c  direction  serving  to  define  the  unit  cell.  In 

addition,  the  oxygen  atom  is  missing  from  the  Y  layer,  and  in  the  Cu-0 
layer  sandwiched  between  the  Ba  planes  one  of  the  two  oxygen  atoms  is 

missing.  The  structure  then  consists  of  the  Y  and  two  symmetry- related  Ba 
atoms,  Cu(l)  and  0(1)  atoms  in  the  Cu-0  chain  with  0(4)  oxygen  atoms  above 
and  below  the  Cu(l)  atom,  and  two  Cu-0  corrugated  planes  with  Cu(2),  0(2) 

and  0(3)  atoms  in  each.  We  find  that,  although  the  interactions  between 

the  two  planes  and  between  the  planes  and  the  chains  are  small,  they  are 
larger  than  the  interactions  between  the  Cu-0  planes  in  the  La2Cu0^ 
system . 

The  details  of  the  calculations  will  be  given  elsewhere.  We  note 
here  only  that  although  this  material  has  a  very  large  unit  cell  with  low 
symmetry,  we  have  carried  out  very  well  converged  calculations.  The 
charge  density  and  potential  were  expanded  in  the  interstitial  region  in 
14600  planes  waves  and  inside  the  inscribed  spheres  around  each  atom  in 
lattice  harmonics  through  1-12.  The  secular  equation  dimension  was  about 
830.  The  densities  of  states  and  band  structure  plots  given  below  were 
obtained  from  disciplined  Fourier  series  representations  based  on  165 
f i rs t - pr inc iples  points  in  the  irreducible  zone.  The  present  calculations 
are  much  more  highly  converged  than  those  of  Mattheiss  and  Hamann^  (who 
used  a  geometry  which  has  since  been  shown  to  be  incorrect)  and  are  also 
more  extensive  than  those  of  Massidda  et  al . ^ 

The  density  of  states  (DOS)  of  YBa2Cu307  is  shown  in  Fig.  1.  The 
same  DOS  is  also  shown  on  an  expanded  scale  in  Fig.  2  for  energies  within 
0.4  eV  of  the  Fermi  energy.  The  values  of  the  projected  DOS  at  Ep  are 
summarized  in  Table  I  and  compared  to  those  of  La2 _ x( Ba , Sr )xCu04  .  Among 
the  notable  features  seen  in  Figs.  1  and  2  is  the  nearly  identical 
character  of  the  0(2)  and  0(3)  DOS,  reflecting  the  nearly  identical 
chemical  environment  of  these  two  atoms  due  to  the  small  size  of  the 
orthorhombic  distortion.  By  contrast,  the  spectral  weight  of  the  0(1)  and 
0(a)  atoms  is  shifted  to  higher  energies,  and  at  Ep,  the  DOS  of  the  0(1) 
and  0(4)  atoms  is  more  than  twice  as  large  as  that  of  the  0(2)  and  0(3) 

atoms  and  comparable  to  that  of  the  Cu  atoms.  The  linear  chain  Cu(l)  atom 

is  four-fold  planar  coordinated  with  the  0(1)  (along  the  b  axis)  and  0(4) 
(along  the  c-axis)  atoms,  and  this  accounts  for  the  overall  similarity  of 
the  spectral  densities  of  the  0(1)  and  0(4)  atoms.  There  is  a  sharp  peak 
0.1  eV  below  Ep  on  the  0(1)  atom  and,  slightly  reduced,  also  on  the  0(4) 

atom  Ep  itself  falls  on  a  rather  smooth  region  of  spectral  density. 

The  DOS  at  the  Fermi  energy  N(Ep)  of  the  0(1)  and  0(4)  atoms  is  much 
larger  than  that  of  the  0  atoms  in  the  La-Ba-Cu-0  compounds.  For  the 
ideal  compounds  (6-0  and  x-0  in  Table  I),  the  DCS  of  the  0(1)  and  0(4) 
atoms  is  more  than  four  times  larger  than  on  the  0(x,v)  atom  in  LagC-^ 
Highest  Tc  ’  s  have  been  achieved  in  Y-Ba-Cu-0  compounds  with  oxygen 
vacancies  as  low  as  6-0  03,^  while  x-0  15  seems  to  yield  the  highest  Tc 
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Figure  1.  Density  of  states  for  YBa2Cu30^.  The  total  DOS  is  shown  in  the 
Cop  panel  and  muffin- Cin  projected  DOS  per  atom  are  shovm  in 
the  other  panels  (see  text  for  atom  identification).  Note  the 
change  of  scale  from  panel  to  panel. 
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Figure  2.  Same  as  Fig  1,  but  for  an  expanded  energy  scale  near  Ep  Note 
the  change  of  scale  from  panel  to  panel. 
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in  the  La-Sr  based  systems.  For  these  compounds,  the  rigid  band  values  in 
Table  I  still  give  0(1)  and  0(4)  N(£p)'s  which  are  more  than  twice  as 
large  as  that  on  that  on  the  La- (Ba , Sr) -Cu-0  compound.  Furthermore,  N(Ep) 
on  the  Cu,  0(1)  and  0(4)  atoms  are  more  nearly  comparable  to  each  other 
than  are  chose  in  the  La-based  compounds. 

The  "rigid  band"  values  presented  in  Table  I  have  been  determined 
using  the  standard  procedure  whereby  the  oxygen  is  assigned  the  nominal 
0Z-  character,  and  the  creation  of  an  oxygen  vacancy  implies  the  loss  of  6 
0  p  states  below  Ep  while  the  removal  of  the  neutral  0  atom  subtracts  only 
4  p  electrons.  Thus  the  creation  of  6  0  vacancies  provides  26  extra 
electrons  for  the  band  states  above  Ep.  This  picture  is  certainly  not 
strictly  correct  when  0-related  bands  cross  Ep,  both  because  the  0Z‘ 
designation  is  not  correct  and  because  the  0  p  states  which  are  removed  in 
forming  the  vacancy  do  not  lie  entirely  below  Ep.  Other  problems  with  the 
rigid  band  model  for  oxygen  vacancies  are  discussed  in  the  next  section. 
On  the  other  hand,  the  rigid  band  model  should  be  more  appropriate  for 
substitutional  fluorine  in  place  of  oxygen. ^  For  the  Tc-150  K  compound 
in  Ref.  15,  YBa2Cu3F20y  (assuming  the  same  structure  and  y-5)  this  would 
increase  Ep  by  about  1  eV  into  a  region  of  reduced  N(Ep) . 

The  band  structures  near  Ep  are  shown  in  Figs.  3  and  4.  Since  it  is 
essential  to  identify  the  contributions  of  the  chains  and  the  planes 
separately,  the  bands  which  are  strongly  associated  with  the  chains,  that 
is,  the  Cu(l) ,  0(1)  and  0(4)  atoms,  are  emphasized  in  Fig.  3.  In  Fig.  4 
the  bands  associated  with  the  layers,  comprised  of  the  Cu(2)  ,  0(2)  and 
0(3)  atoms,  are  emphasized.  There  are  four  bands  which  cross  Ep  (numbers 
33  to  36,  to  accommodate  the  68  electrons  per  unit  cell).  The  layers  give 
rise  to  two  of  the  bands  crossing  Ep,  corresponding  to  one  band  for  each 
layer.  These  bands  are  similar  to  chose  crossing  Ep  in  La2CuO^ ,  but 
differ  here  in  that  they  are  not  precisely  half  filled.  The  Cu-0  chain 
gives  rise  to  one  steep  band  crossing  Ep,  which  is  strongly  dispersing 
only  in  the  chain  direction,  that  is,  along  X-S  and  T-Y.  In  addition 
there  is  a  flat  chain-  related  band  just  at  Ep  along  the  Y-S  direction. 
Here  ue  show  the  bands  only  in  the  k?-0  plane,  but  there  is  some  small  but 
important  dispersion  along  the  c  direction  which  will  be  discussed 
elsewhere . 

From  Fig.  2  the  peak  in  N(Ep)  0.1  eV  below  Ep  is  seen  to  be  as¬ 
sociated  solely  with  the  chain- related  0(1)  and  0(4)  atoms,  and  does  not 
show  up  at  all  on  the  Cu(l)  chain  atom.  Therefore  this  peak  arises  from 
states  which  lie  along  the  chain  but  avoid  the  Cu(l)  atom,  and  apparently 
relating  primarily  to  0(l)-0(4)  ppo  interactions.  Figures  3  and  4  show 
there  are  mostly  chain  derived  states,  rather  than  layer- derived ,  within 
0.5  eV  below  Ep,  and  the  peak  is  associated  with  the  flat  portion  of  the 
uppermost  filled  band  midway  between  T  and  S. 


DISCUSSION 

Th*-  presence  of  a  more  complex  unit  cell  here  than  in  the  t^CuO^ 
compound  leads  to  bands  which  are  not  half  filled  and  have  more  complex 
Fermi  surfaces.  The  chain- related  bands  crossing  Ep  may  lead  to  qualita¬ 
tively  new  processes  related  to  its  strong  one  -  dimens ional  character,  and 
due  to  the  two  dimensional  planes  and  one  dimensional  chains  the  elec¬ 
tronic  properties  have  strongly  anisotropic  character  in  all  three 
directions . 


In  the  La- (Be , Sr) -Cu-0  system  we  have  shown  that  a  rigid  band  model 
should  be  realistic  for  noderate  ( 15 - 20% )  substitutions  of  La.  In  the 
present  system  one  would  expect  because  of  the  similarity  of  the  materials 
that  a  rigid  band  model  should  also  work  for  substitution  of  Y  on  Ba 
sites,  and  vice  versa.  The  results  given  in  Table  I  should  be  applicable 
for  this  case,  although  substantial  variation  away  from  the  Y:Ba  ratio  of 
1:2  leads  to  the  formation  of  other  phases.  ^  One  is  tempted  to  apply  a 
rigid  band  model  to  the  case  of  oxygen  vacancies  (which  occur  on  the  0(1) 
sites  along  the  Cu-0  chains  under  nor,- optimum  conditions),  but  caution  is 
necessary  in  this  situation.  The  change  in  the  on-site  potential  due  to 
the  removal  of  an  oxygen  atom  is  drastic,  and  several  possibilities  arise. 
The  extra  electrons  originally  on  the  0  ion  when  the  neutral  0  atom  is 
removed  may  go  equally  into  the  bands  crossing  Ep,  but  they  may  also 
perhaps  remain  in  part  on  the  empty  site,  stabilized  by  the  Madelung 
potential  as  in  the  F-center  in  ionic  oxides.  Not  only  is  the  on-site 
change  in  potential  large,  which  will  alter  the  band  structure,  but  the 
coordination  of  the  neighboring  copper  atoms  decreases  from  U  to  3 .  As  a 
result,  oxygen  vacancies  will  result  in  both  a  change  in  the  Cu(l)  states 
as  well  as  a  disruption  of  the  one -dimensional  chain  structure. 


It  is  evident  that  the  disruption  of  the  chain,  such  as  by  the 
removal  or  displacement  of  an  0(1)  atom,  can  have  serious  consequences  for 
transport  properties  if  the  one  dimensionality  is  strong,  because  an 
electron  cannot  avoid  a  defect  in  one  dimension.  If,  as  seems  to  be  the 
case  in  La2Cu04 ,  that  the  Cu  has  a  tendency  to  become  magnetic,  the 
lowering  of  its  coordination  will  suppress  the  banding  of  the  d-states  and 
enhance  magnetic  tendencies.  [Vacancies  are  a  necessary  precondition  of 
the  antiferromagnetic  state  in  La2Cu04-]  Although  there  have  been  studies 
in  YBa2Cu307_g  of  the  effects  of  oxygen  vacancies,  from  near  S-o  to  4-1 
per  formula  unit,  no  magnetic  transitions  have  been  reported.  It  has  been 
found,  however,  that  superconductivity  is  strongly  depressed  as  4  is 
increased,  and  a  metal  -  to- insulator  transition  occurs  at  4-0.5.  Such  a 
transition  is  not  predicted  by  the  rigid  band  model,  again  suggesting  it 
is  not  applicable  in  describing  oxygen  defect  compounds. 


This  work  has  been  supported  by  the  National  Science  Foundation  (NSF) 
Grant  No.  DMR-84-16046  and  the  Office  of  Naval  Research  Contract  No. 
N00014 -  84 -UR- 2^*055 .  Computing  was  done  under  the  auspices  of  the  NSF  at 
the  supercomputing  centers  at  Cornell  University  and  at  the  University  of 
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TABLE  I.  Comparison  of  Fermi  level  densities  of  states  N(Ep)(in  states 
/eV-atom).  Also  shown  are  rigid  band  values  of  N(Ep)  cor¬ 
responding  to  oxygen  vacancies  in  Y-Ba-Cu-0  and  alloying  with  Sr 
or  Ba  in  La-Cu-O, 


Ep(Ry)  Ep(eV)  S 


YBa2Cu3<J7.$ 

holes  N(E)  Cu(l)  Cu(2)  Cu-avg  0(1)  0(4)  0(2)  0(3) 


000 

.00 

.00 

4.78 

.352 

.602 

.519 

.518 

.452 

.175 

.175 

04  7 

.10 

-  .20 

3.77 

.316 

.571 

.486 

.319 

.246 

.  171 

.  168 

107 

.20 

-  .40 

3.02 

.257 

.501 

.420 

.  195 

.155 

.155 

.152 

177 

.30 

-  .60 

2.62 

.229 

.451 

.377 

.143 

.117 

.143 

.  141 

Ep(Ry)  Ep(eV) 

.5590  .000 

.5530  -.082 


La2  .xSrxCu0i, 
elect  N(E) 


Cu  0(z)  0(x,y) 

.540  .039  .113 

1.045  .108  .181 
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A  method  of  determining  the  values  of  main  parameters 
such  as  the  effective  mass,  the  Fermi  energy,  and  the 
coherence  length  for  the  new  high  T£  superconductors  is 
developed.  The  method  is  based  on  specific  heat  data. 
The  new  Tc  materials  are  low  dimensional  systems  and 
this  feature  plays  a  crucial  role  in  the  analysis.  The 
parameters  are  calculated  for  La,_xSrxCu04,  x==0.2. 
Particularly  interesting  is  the  small  value  of  the  Fermi 
energy. 


1.  INTRODUCTION 

Since  the  recent  discovery  of  very  high  transition 
temperature  superconducting  ceramics  'll  there  has  been 
great  activity  associated  with  characterizing  these  materi¬ 
als.  In  order  to  carry  this  analysis  forward  one  must  be 
sure  to  take  into  account  the  dimensionality  of  the  ear¬ 
ners  that  are  a  consequence  of  the  constraints  of  the 
structure  In  the  course  of  determining  the  structure  and 
affects  of  the  structure  on  superconductivity  it  has  been 
concluded  that  these  superconducting  oxides  are  lower 
dimensional  systems.  In  fact,  the  superconductors  based 
on  the  K.,NiF4  structure  such  as  La,  iSrtCuO<  (x  =»  2)  are 
highly  two  dimensional’2  while  those  based  on  the 
Y,Ba,Cu30,  structure  contain  one  dimensional  chains.5,41 
This  paper  is  therefore  concerned  with  the  determination 
of  the  materials  parameters  when  the  dimensionality  is 
reduced  Expressions  for  effective  mass,  Fermi  energy. 
Fermi  velocity  and  coherence  length  will  be  derived  for 
both  one  and  two  dimensional  systems. 

We  will  attempt  to  evaluate  many  of  the  materials 
parameters  based  on  some  recent  experimental  data.5-’ 
Since  mans  of  the  important  parameters  can  be  estimated 
using  only  structural  information  and  knowledge  of  the 
Sommerfeld  constant  y.  the  most  reliable  source  for  this 
constant  is  electronic  heat  capacity  measurements.  For 
isotropic  superconductors,  y  can  be  estimated  from  the 
slope  of  the  upper  critical  field  Hc,  at  T  However  for 
polycrystalline  samples  containing  anisotropic  crystals 
this  is  not  very  reliable  In  this  paper  we  focus  on  the 
determination  of  the  main  parameters  from  the  experi¬ 
mental  data  on  heat  capacity 

The  paper  consists  of  two  pans  In  Sec  2  the 
expressions  allowing  us  to  determine  the  parameters 
directly  from  heat  capacity  measurements  will  be  denved 
W'e  considered  both  the  2D  and  ID  cases  It  will  be 
shown  that  the  parameters  are  very  sensitive  to  the 
dimensionality  and  the  analysis  should  be  earned  out  in 
a  consistent  way  A  set  of  parameters  for  the  La-Sr-f  u-O 
system  is  obtained  (Sec  3). 


2.  THEORY 

2.1.  2D  case 

Consider  a  model  containing  2D  sheets.  Each  of 
them  contains  a  2D  Fermi  gas  of  earners.  There  are  a 
small  number  of  interlayer  transitions  which  are  impor¬ 
tant  if  we  are  concerned  with  2D  fluctuations.  But  for 
our  present  purpose  we  can  consider  isolated  2D  subsys¬ 
tems.  Superconducting  pairing  occurs  between  two  elec¬ 
trons  (or  holes)  belonging  to  the  same  sheet.  The  energy 
in  the  normal  state  is  equal  to: 

E  -  2  /  fi  d‘i  ■  ( 1 ) 

I 

where  -  «,  r?D  .  v,20  -  2(dp,  dpy/dt.JS,  (2»  is  the 

2D  density  of  states  (EXDS).  S,  is  the  area, 
f,  -  exp(-  (<,  -  «f,)/T  l)}'1,  <F,  is  the  Fermi  level  for 

the  i-th  sheet;  the  summation  in  (1)  is  taken  over  all  2D 
sheets.  The  DOS  in  the  2D  case  can  be  written  in  the 
form 

V?D  -  m,  (2*  A:r  1  .  (2) 

where  m,  is  the  effective  mass  defined  by  the  relation: 
m,  -  J  dlv,' here  v,  -  and  the  integration  is  over 

the  Fermi  curve.  For  a  simple  quadratic  dispersion  rela¬ 
tion  m,  -  p„'V,.  Calculating  the  energy  with  the  use  of  the 
expression  E  -  E0  -  2  (*>''*, )f  (kgT)2.  we  arrive  at  the 

following  expression  for  the  specific  heat:  C  *  yT.  where 

k 

y  -  (tr/3  h:)  kg  V  S'  m'  (3) 

i- 1 

Consider  the  case  when  all  the  2D  sheets  are 
equivalent  and  equidistant  Then  we  obtain 

i  >  lr  1  erg  k  cm'  (4) 

Here  a  is  the  interlayer  distance  m*  s  m,  kB  is  the 
Boltzmann's  constant  It  is  essential  that  in  the  2D  case  y 
does  not  depend  on  the  electron  concentration  The 
situation  is  entirely  different  in  the  ID  (see  below)  and 
3D  cases 


*  L*  *  *  l.»  li» 


The  quantity  ■>  can  be  measured  experimentally; 
then  the  effective  mass  can  be  determined  directly  from 
the  equation 

m"  -  (3  h1/#)  k»  2  at.  (5) 

We  will  use  this  expression  in  order  to  evaluate  m* 
for  the  La-Sr-Cu-O  system  (see  Sec.  3). 

We  have  noted  that  t  for  a  2D  system  does  not 
depend  on  the  carrier  concentration.  The  latter  affects 
noticeably  the  Fermi  momentum  which  is  equal  to  (see 
e.g..  ref.  [91): 

Pr  -  (2*  n,)i/j  a  ,  (6) 

where  N,  is  the  surface  concentration.  In  our  case 
N,  -  na,  where  n  is  the  usual  volume  concentration.  The 
values  of  the  Fermi  energy  <F  -  p^/2m‘  and  the  Fermi 
velocity  can  be  evaluated  with  the  use  of  Eqs.  (5),  (6). 
Then  the  coherence  length  (0  •  (h  vF/2rkTc)  can  be  also 
calculated  (see  below.  Sec.  3). 

2.2.  ID  case 

Consider  the  model  which  is  a  set  of  ID  channels 
(lines).  The  energy  can  be  described  by  Eq.  (1)  with  the 
substitution  v215  -*  »ID.  where  kid  is  DOS  in  the  ID  case. 
As  a  result  we  obtain  the  following  expression  for  y: 

y  -  <*/I2  a)  kg  21,  v.-'  ;  (7) 

1 

where  1,  is  the  length  of  the  i-th  line.  If  all  lines  are 
equivalent,  we  obtain: 

>  -  (w/12  a)ki<r*J  vF  1  .  (8) 

Here  <r'2  is  the  number  of  lines  per  unit  area.  Note  that 
in  the  1 D  case  the  Fermi  momentum  is  equal  to  (see  e.g. 
Ref.  9)  pf  -  2»  a  Nl.  where  NL  is  the  linear  carrier  con¬ 
centration. 

Consider  the  special  case  when  the  system  is  a  com¬ 
bination  of  2D  and  ID  structures  (probably,  it  is  related 
to  Yi  Ba;  Cu3  Ot  structures,  see  Ref.  3.4).  Namely,  the 
system  is  layered,  similar  to  the  case  studied  in  p.l.  but 
each  layer  consist  of  a  set  of  ID  parallel  chains.  In  this 
case. 

Pf  »  2»  anab  (9) 

where  b  is  the  distance  between  neighboring  chains 
(within  one  layer).  The  effective  mass  is  described  by  the 
expression 

m"  -  I2(a  k*  1  ablm  y  .  (10) 

3.  THE  PARAMETERS  OF  THE  La-Sr-Cu-O  SYSTEM 

Eqs.  (5)  and  (6)  can  be  used  in  order  to  calculate  the 
mam  parameters  of  high  Tt  2D  superconductors.  In  this 
section  we  apply  the  method  described  in  Sec.  2  for  a  cal¬ 
culation  of  the  parameters  for  La;-,Sr,Cu04.  x  a  0.2. 
Our  method  is  based  on  the  heat  capacity  measurements. 
These  measurements  are  difficult  because  of  a  large  lattice 
contribution.  The  experiments  have  been  earned  out  by 
several  groups5-’  by  various  methods  Different  values  of 
■>  have  been  reported  For  example,  according  to  refs 
5.6  v  =  7  5  mJ  mole  K:.  The  value  y  =*  12  mJ/mole  K: 
was  obtained  in  7 .  The  value  n  depends  on  the  quality 
of  the  sample,  on  the  concentration  x.  according  to  exper¬ 
imental  da'a10"  n  is  within  the  interval  I02'  cm-'  <  n  < 


5  X  I021  cm'1.  For  the  purpose  of  an  estimate,  we  can 
put  y  a  10  mJ/mole  K1,  n  »  i  x  1021  cm"3. 

The  effective  mass  m*  can  be  calculated  with  the  use 
of  Eq.  (5);  a  -  6.6  A  |2).  Then  we  obtain  m"  a  $.5  m«. 
The  value  of  pr  can  be  calculated  with  the  use  of  Eq.  (6). 
and  we  obtain  pr  -  5  X  10'20  g-cm/sec.  It  is  interesting 
to  note  that  despite  the  relatively  small  value  of  n,  the 
value  of  pf  is  close  to  that  in  some  metals.  This  is  due  to 
the  2D  structure  of  the  material.  The  Fermi  energy  is 
small  ~  0. 1 5  eV,  because  of  the  large  value  of  m\ 

Superconductivity  in  materials  with  such  a  small 
Fermi  energy  is  quite  unusual.  The  fact  that  EF  and  the 
energy  gap  are  comparible  is  unprecedented.  The  small 
value  of  Ef  might  have  a  strong  impact  on  lattice  instabil¬ 
ity.  This  problem  will  be  discussed  in  detail  elsewhere. 

The  Fermi  velocity  is  equal  to  vF  =,  g  X  10*  cm/sec. 
and  the  coherence  length  (0  -  h  vF/2»kTc  appears  to  be 
about  25  A. 

We  have  estimated  the  parameters  by  putting  y  a>  10 
mJ/mole  K!,  n  a  5  x  1021  cm'3.  It  is  important  to  stress 
that  the  exact  values  of  the  parameters  can  be  obtained 
from  Eq.  (5);  their  accuracy  can  be  improved  with  more 
precise  measurements  of  y  and  n. 

A  detailed  analysis  has  been  earned  out  in  5j;  the 
magnetic  field  dependence  of  the  specific  heat  was  stu¬ 
died.  According  to  [5|,  the  value  of  y  is  within  the  inter¬ 
val  6.5  mJ/mole  K2  <  y  <  8.5  mJ/mole  K2  (the  spread  is 
due  to  the  uncertainty  in  the  value  of  H^  which  deter¬ 
mines  the  amount  of  the  normal  phase  present).  A  close 
value  of  y  was  obtained  in  [6]  by  a  different  method.  The 
parameter  values  obtained  from  Eq.  (5)  with  y  -  7.5 
mJ/mole  K2  and  n  -  3  X  102'  cm'3  are  given  in  the 
table. 

Recently,  heat  capacity  measurements  for  Y,  Ba, 
Cu,  O,  were  carried  out  in  [12].  If  superconductivity  in 
this  material  is  confined  to  1 D  chains  only  (this  problem 
is  still  unresolved),  then  one  can  show  with  the  use  of 
Eqs.  (9)  and  (10)  that  one  is  also  dealing  with  a  very 
unusual  system  with  a  large  m"  and  small  *r  This  prob¬ 
lem  will  be  discussed  in  detail  elsewhere 


4.  CONCLUSION 

The  values  of  the  parameters  depend  strongly  on  the 
dimensionality  of  the  system.  The  new  high  Tc  supercon¬ 
ductors  are  low  dimensional  materials  and  the  evaluation 
of  the  parameters  should  be  earned  out  with  considerable 
care.  In  many  instances.  3D  expressions  have  already 
been  used,  leading  to  incorrect  results.  In  this  paper  we 
denved  the  expressions  for  such  parameters  as  m*. 
Pf.  vf,  tf  and  (0  based  on  specific  heat  data  We  calculated 
the  values  of  the  parameters  for  La, ^S^CuO,.  x  =  0.2. 
In  particular,  we  would  like  to  stress  the  small  value  of 
the  Fermi  energy  The  low  dimensionality  plays  a  crucial 
role  in  this  analysis. 
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Table 

Parameters  for  La2_tSrCu04  (x  a  0.2) 


4m(  3.7  x  10_JO  gm  X  cm/sec  0.12  eV  9.25  x  10*  cm/sec  23.5  A 
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ABSTRACT 

A  method  of  determining  the  values  of  main  parameters  such  as  the 
effective  mass,  the  Fermi  energy,  and  the  coherence  length  for  the  new 
high  Tc  superconductors  is  developed.  The  method  is  based  on  specific 
heat  data.  The  new  Tc  materials  are  low  dimensional  systems  and  this 
feature  plays  a  crucial  role  in  the  analysis.  Particularly  interesting  is 
the  small  value  of  the  Fermi  energy.  The  result  of  the  analysis  shows 
that  we  are  dealing  with  unusual  systems.  Energy  gap  appears  to  be  com¬ 
parable  with  Ep,  and  the  coherence  length  is  small.  Contrary  to  the  usual 
case,  the  large  fraction  of  carriers  is  paired. 


INTRODUCTION 

Since  the  recent  discovery  of  very  high  transition  temperature  super¬ 
conducting  ceramics! there  has  been  great  activity  associated  with 
characterizing  these  materials.  In  order  to  carry  this  analysis  forward 
one  must  be  sure  to  take  into  account  the  dimensionality  of  the  carriers 
that  are  a  consequence  of  the  constraints  of  the  structure.  In  the  course 
of  determining  the  structure  and  affects  of  the  structure  on  superconduc¬ 
tivity  it  has  been  concluded  that  these  superconducting  oxides  are  lower 
dimensional  systems.  In  fact,  the  superconductors  based  on  the  KjNiF^ 
structure  such  as  La2_xSrxCu04  (x  =»  2)  are  highly  two  dimens ional -  2 J  while 
those  based  on  the  Y^Ba2Cu307  structure  contain  one  dimensional 
chains. [3,4]  This  paper  is  therefore  concerned  with  the  determination  of 
the  materials  parameters  when  the  dimensionality  is  reduced.  Expressions 
for  effective  mass,  Fermi  energy,  Fermi  velocity  and  coherence  length  will 
be  derived  for  both  one  and  two  dimensional  systems. 

We  will  attempt  to  evaluate  many  of  the  materials  parameters  based  on 
some  recent  experimental  data.!^"^!  Since  many  of  the  important  parame¬ 
ters  can  be  estimated  using  only  structural  information  and  knowledge  of 
the  Sommerfeld  constant  i,  the  most  reliable  source  for  this  constant  is 


t 
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electronic  heat  capacity  measurements.  For  isotropic  superconductors,  7 
can  be  estimated  from  the  slope  of  the  upper  critical  field  Hc2  at  Tc.[&] 
However  for  polycrystalline  samples  containing  anisotropic  crystals  this 
is  not  very  reliable.  In  this  paper  we  focus  on  the  determination  of  the 
main  parameters  from  the  experimental  data  on  heat  capacity.  It  will  be 
shown  that  we  are  dealing  with  an  exotic  system  with  unusual  properties. 

The  paper  consists  of  two  parts.  In  Sec.  2  the  expressions  allowing 
us  to  determine  the  parameters  directly  from  heat  capacity  measurements 
will  be  derived.  Ve  considered  both  the  2D  and  ID  cases.  It  will  be 
shown  that  the  parameters  are  very  sensitive  to  the  dimensionality,  and 
the  analysis  should  be  carried  out  in  a  consistent  way.  A  set  of  parame¬ 
ters  for  the  La-Sr-Cu-0  and  Y-Ba-Cu-0  systems  is  obtained  (Sec.  3). 


THEORY 


2D  Case 


Consider  a  model  containing  2D  sheets.  Each  of  them  contains  a  2D 
Fermi  gas  of  carriers.  There  are  a  small  number  of  interlayer  transi¬ 
tions  which  are  important  if  we  are  concerned  with  2D  fluctuations.  But 
for  our  present  purpose  we  can  consider  isolated  2D  subsystems.  Supercon¬ 
ducting  pairing  occurs  between  two  electrons  (or  holes)  belonging  to  the 
same  sheet.  The  energy  in  the  normal  state  is  equal  to: 


E  -  ?  !  *L  fi  d‘l 


(1) 


where 


<t>i  -  i/2D  ,  i/2D  -  2(dpx  dpy/d«1)S1  (2*  A)"2  is  the  2D  density 

of  states  (DOS),  Sj^  is  the  area,  f^  -  [exp  (-  (^  -  «Fi)/T  +  1)1  is 

the  Fermi  level  for  the  i-th  sheet;  the  summation  in  (1)  is  taken  over  all 
2D  sheets.  The  DOS  in  the  2D  case  can  be  written  in  the  form 


2D  ,,  .2.-1 

v L  -  m^  (2*  A  ) 


(2) 


where  m^  is  the  effective  mass  defined  by  the  relation:  m^  -  /  dlv^ ;  here 

v^  -  dt^/dp^  and  the  integration  is  over  the  Fermi  curve.  For  a  simple 

quadratic  dispersion  relation  m  -  p  /v. .  Calc  lating  the  energy  with  the 

ill  2 

use  of  the  expression  E  -  E  +7  0^/5«.)_  (k_T)  ,  we  arrive  at  the  fol- 

o  £  i  F  B 

lowing  expression  for  the  specific  heat:  C  -  7T,  where 

k 


7  -  (x/3  A2)  k2  l  S.  a 
i-1 


(3) 


Consider  the  case  when  all  the  2D  sheets  are  equivalent  and  equidis¬ 
tant.  Then  we  obtain 


2*2-1  3 

7  -  (x/3  A  )  m  k  a  erg/K  cm 

D 


(4) 


m^,  kg  is  the  Boltzmann’s  con- 
It  is  essential  that  in  the  2D  case  7  does  not  depend  on  the  elec- 


Here  a  is  the  interlayer  distance,  m 
stant 

tron  concentration.  The  situation  is  entirely  different  in  the  ID  (see 
below)  and  3D  cases. 


The  quantity  7  can  be  measured  experimentally;  then  the  effective 
mass  can  be  determined  directly  from  the  equation 


■*  -  (3  A2/*)  kfi2  a  7  ■  (5) 

★ 

U«  will  use  this  expression  in  order  to  evaluate  a  for  the  La-Sr- 
Cu-0  system  (see  Sec.  3). 

We  have  noted  that  y  for  a  2D  system  does  not  depend  on  the  carrier 
concentration.  The  latter  affects  noticeably  the  Fermi  momentum  which  is 
equal  to  (see  e.g.  ,  ref.  [9]): 

PF  -  (2*  Ns)1/2  A  .  (6) 

where  N  is  the  surface  concentration.  In  our  case  N  -  na,  where  n  is 

3  S 

the  usual  volume  concentration.  The  values  of  the  Fermi  energy  e  - 

2  *  F 

Pp/2m  and  the  Fermi  velocity  can  be  evaluated  with  the  use  of  Eqs .  (5), 

(6).  Then  the  coherence  length  £  -  (A  v^2irkT  )  can  be  also  calculated 
(see  below,  Sec.  3). 

ID  Case 

Consider  the  model  which  is  a  set  of  ID  channels  (lines) .  The  energy 

can  be  described  by  Eq.  (1)  with  the  substitution  i/2^  -»  i/^,  where  is 

DOS  in  the  ID  case.  As  a  result  we  obtain  the  following  expression  for  y. 

2  k  _i 

y  -  (s/12  A)  k  1  v  ;  (7) 

Bill 

where  1^  is  the  length  of  the  i-th  line.  If  all  lines  are  equivalent,  we 
obtain: 

7  -  (s/12  A)  k2  a  2  v'1  .  (8) 

-2 

Here  a  is  the  number  of  lines  per  unit  area.  Note  that  in  the  ID  case 
the  Fermi  momentum  is  equal  to  (see  eg.  Ref.  9)  p^  -  2s  A  N^,  where  N^ 
is  the  linear  carrier  concentration.  r  "  L 

Consider  the  special  case  when  the  system  is  a  combination  of  2D  and 
ID  structures  (probably,  it  is  related  to  Cu^  structures,  see 

Ref.  3,4).  Namely,  the  system  is  layered,  similar  to  the  case  studied  in 
p.l,  but  each  layer  consist  of  a  set  of  ID  parallel  chains.  In  this  case, 

p  -  2s  Anab  (9) 

r 

where  b  is  the  distance  between  neighboring  chains  (within  one  layer) . 

The  effective  mass  is  described  by  the  expression 

m  -  12 (A  k  *  ab)2n  y  .  (10) 

D 

THE  PARAMETERS  OF  THE  La-Sr-Cu-0  AND  Y-Ba-Cu-0  SYSTEM 

Eqs.  (5)  and  (6)  can  be  used  in  order  to  calculate  the  main  parame¬ 
ters  of  high  T  2D  superconductors.  In  this  section  we  apply  the  method 

described  in  Sec.  2  for  a  calculation  of  the  parameters  for  La„  Sr  CuO, , 

2-x  x  i* 

x  «  0.2.  Our  method  is  based  on  the  heat  capacity  measurements  These 
measurements  are  difficult  because  of  a  large  lattice  contribution.  The 
experiments  have  been  carried  out  by  several  groups [5-7]  by  various 
methods.  Different  values  of  7  have  been  reported.  For  example,  accord- 

2  2 

ing  to  refs.  [5,6]  7  -  7.5  mJ/mole  K  .  The  value  7-12  mJ/mole  K  was 
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obtained  in  (7).  The  value  n  depends  on  the  quality  of  the  sample,  on  the 
concentration  x;  according  to  experimental  datat^®1*^  n  is  within  the 

interval  10^1  cm-^  <  n  <  5  x  1021  cm  V  For  the  purpose  of  an  estimate, 


we  can  put  7  «  10  mJ/mole  K 


-  5  x  10 


21  _3 
cm  J . 


The  effective  mass  m  cgn  be  calculated  with  the  use  of  Eq .  (5);  a  - 
6.6  A  [2].  Then  we  obtain  m  ■>  5 . 5  m  .  The  value  of  p  can  be  calculated 

e  -20  * 

with  the  use  of  Eq.  (6),  and  we  obtain  p^,  -  5  x  10  g-cm/sec.  It  is 
Interesting  to  note  that  despite  the  relatively  small  value  of  n,  the 
value  of  Pp,  is  close  to  that  in  some  metals.  This  is  due  to  the  2D  struc¬ 
ture  of  the  material.  The  Fermi  energy  is  small  -  0.15  eV,  because  of  the 
large  value  of  m  . 

Superconductivity  in  materials  with  such  a  small  Fermi  energy  is 
quite  unusual.  The  fact  that  Ep,  and  the  energy  gap  A  are  comparible  is 
unprecedented.  The  small  value  of  Ep.  might  have  a  strong  impact  on  lat¬ 
tice  instability.  This  problem  will  be  discussed  in  detail  elsewhere. 

The  Fermi  velocity  is  equal  to  v^,  *  8  x  10^  cm/sec,  and  the  coherence 
length  -  h  Vp,/2xkTc  appears  to  be  about  25  A. 

We  have  estimated  the  parameters  by  putting  7  =*  10  mJ/mole  , 

2  ^ 

n  »  5  x  10  cm--*.  It  is  important  to  stress  that  the  exact  values  of  the 

parameters  can  be  obtained  from  Eq.  (5);  their  accuracy  can  be  improved 
with  more  precise  measurements  of  7  and  n. 

A  detailed  analysis  has  been  carried  out  in  [5];  the  magnetic  field 
dependence  of  the  specific  heat  was  studied.  According  to  [5]  the  value 
of  7  is  within  the  interval  6.5  mJ/mole  <  7  <  8 . 5  mJ/mole  (the 
spread  is  due  to  the  uncertainty  in  the  value  of  Hc2  which  determines  the 
amount  of  the  normal  phase  present) .  A  close  value  of  7  was  obtained  in 
[6]  by  a  different  method.  The  parameter  values  obtained  from  Eq .  (5) 
with  7-7.5  mJ/mole  and  n  -  3  x  lO^l  cm-^  are  given  in  the  table. 

The  measurements  of  heat  capacity  for  Y3  Ba2  CU3  O7  have  been  per¬ 
formed  [13,14],  Our  analysis  in  this  case  is  based  on  Eqs .  (9),  (10).  We 
t,cA  uai  iiac  —  on  mi  /mn  1a  v  2  rill  n  a>  s  v  lfl21  nm-3  The  obtained 


use  the  values  7  =  20  mJ/mole  [13],  n  »  5  x  lO^  cm 

values  of  parameters  are  presented  in  the  table. 


CONCLUSION 

The  values  of  the  parameters  depend  strongly  on  the  dimensionality  of 
the  system.  The  new  high  T  superconductors  are  low  dimensional  materials 
and  the  evaluation  of  the  parameters  should  be  carried  out  with  consider¬ 
able  care.  In  many  instances,  3D  expressions  have  already  been  used, 
leading  to  incorrect  results.  In  this  paper  we  derived  the  expressions 
for  such  parameters  as  m  ,  p  v^,,  and  based  on  specific  heat  data. 
We  calculated  the  values  of  the  parameters.  In  particular,  we  would  like 
to  stress  the  small  value  of  the  Fermi  energy.  The  low  dimensionality 
plays  a  crucial  role  in  this  analysis. 

We  would  like  to  stress  two  important  results.  First  of  all,  the 
ratio  A/Tc  is  much  larger  than  for  conventional  superconductors.  It  means 
that  a  large  fraction  of  carriers  in  the  new  materials  are  paired.  Note 

that  the  expression  €  -Pi  v_(2*T  )  ^  is  valid,  if  A  «  «_  (see,  e.g. 

o  F  c  r 

[15]).  The  smallness  of  the  coherence  length  also  makes  the  systems 

unique . 


Tabla 


*”*1 .  i*r0. 2Cu04 
Yl**2Cu3°7 


3.7  x  10_iO  fa  x  ca/aac  0.12  aV  9.25  x  10*  ca/aac  23.5  A 

1.5  x  10  ^  j*  x  ca/aac  0.07  aV  1.2  x  10*  ca/aac  * 


*Expraaalon  (  -  4V^(2«kTe)  la  not  applicable  for  Chta  caaa  for  euch  aaall  ip  and 

ouch  largo  T  . 
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INTRODUCTION 


The  discoveries  of  the  new  ceramic  superconductors  La^^A^CuQ^  and 
¥83^0^07  x  with  T  of  about  40K  and  90K  respectively  have  given  new 
impetus  to  the  discussions  of  high-T  mechanisms.  The  specific  mechanism 
by  which  electrons  lower  their  energy  by  pairing  in  these  superconducting 
ceramics  is  at  issue.  Conventional  lattice  vibration  mechanisms  may  be 
inappropriate  in  view  of  experimental  evidence  of  the  absence  of  an  isotope 
effect  ,  and  inadequate  on  theoretical  grounds  for  the  high  transition  tem¬ 
perature.  Por  these  reasons,  alternative  models  have  been  seriously  con¬ 
sidered.  By  now,  a  number  of  mechanisms  for  high-T  superconductivity  have 
either  been  proposed  specifically  for  these  new  materials  or  suggest  them¬ 
selves  to  be  possible  candidates.  ^T^ese  include  the  resonating  valence 
bond  ,  the  negative-0  models3  ,  the  Bose  condensation  of  bipolarons 

models  '  ,  the  d-wave  pacing  near  a  spin-density-wave  instability  of  a 
positiY^-^2Hubbarci  model-  '  the  surfj^e  or  two-dimensional  p^|smcn 
models  '  ,  acoustic  pla^gon  models  ,  the  excitonic  models'1"  '  ,  the 

dynamic  instability  model  ,  and  many  others  that  possibly  we  are  not  aware 
of.  The  answer  to  which  one  of  these  many  theoretical  ideas  is  ultimately 
responsible  for  the  superconductivity  in  these  ceramics  will  have  to  wait 
for  further  experimental  investigations  of  both  the  normal  and  supercon¬ 
ducting  states.  Arguments  have  been  given  that  existing  experimental  data 
including  the  linear  specific  heats  at  low  temperatures  seems  to  eliminate 
even  some  unconventional  versions  of  BCS  theory  of  coupling  be^een  elec¬ 
tron  pairs  and  phonons,  and  indicates  some  models  are  favored.  The  pos- 
sibility^gh^ld  also  be  considered  that  the  linear  specific  heat 
observed  '  at  low  temperatures  in  these  new  high-T  materials  may  con¬ 
tain  contributions  from  excess  modes  such  as  two-levef-systems . 


It  has  been  recognized  that  in  these  high-T  oxides,  defects  are  pre¬ 
sent.  Some  of  the  defects  are  definitely  related  to  vacancies  caused  by 

deficiency  in  oxygen.  Studies  of  La,  Sr  CuO,  perovskite  have  shown  that 

2-y  y  4-x 

T  is  dramatically  affected  by  subtle  changes  in  oxygen  content.  Similarly, 
changes  in  oxygen  content  in  the  90K  se^jes  REBa^Cu^*^^  also  drastically 
affect  their  physical  properties  and  T  .  Even  in  undoped  LajCuO^  ,  the 
occurrenc^of  trace  and  filamentary  superconductivity  is  extremely  process 
dependent  .  It  can  be  reversibly  removed  or  restored  by  heating  th^ 
material  in  argon  or  oxygen.  Moreover,  the  anti  ferromagnetism  found  in 
La  CuO.  is  quite  sensitive  to  the  oxygen  concentration  parameter  y.  The 


.1*  .1*  .*1  , 
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antiferromagnetic  ordering  temperature  determined  from  neutron  scattering 
rose  from  50K  to  150K  with  annealing  in  a  vacuum  to  remove  oxygen.  The 
existence  of  a  small  oxygen  vacancy  concentration  (y>0)  appears  to  be  cru¬ 
cial  for  promoting  antiferromagnetism.  Changes  in  the  oxygen  content  may 
affect  the  average  copper  valence  via  corresponding  changes  in  the  oxida¬ 
tion  states  of  copper  atoms.  Th^average  valence  of  copper  increases  with 
the  oxygen  content.  For  example1  ,  it  was  found  in  YBa  Cu^O^  that  the  oxy¬ 
gen  content  can  change  from  6.7  to  6.2  resulting  in  a  change  in  the  average 
valence  of  copper  from  2.2  to  1.3.  The  valence  implies  the  formation  of 
Cu  .  This  change  of  the  oxidation  state  has  a  number+of  implications 
including  the^ossible  charge  fluctuations  between  ^u  0  and  Cu  0  in  the 
Cu01+x  planes*1,  the  spawning  of ^negatije-U  centers  ,  and  the  possible 
modification  of  the  suggested  Cu  -  Cu  -  like  charge  fluctuations  which 
induce  attractive  interactions  (-0  centers)  both  in  the  chains  and  to  the 
2-dimensional  (Cu2)  bands.  Oxygen  vacancies  may  also  modify  the  RVB  or 
spin-liquid  model  in  the  present  form.  The  occurrence  of  ■unsynchronized" 
res^ance  in  the  RVB  model  due  to  oxygen  vacancies  has  also  been  pointed 
out 

The  discussions  in  the  previous  paragraph  serve  the  purpose  of  empha¬ 
sizing  that  the  real  high-T  materials  are  more  complicated  than  the  repre¬ 
sentations  given  by  the  model  Hamiltonians  of  the  proposed  mechanisms. 

Some  interactions  are  neglected  and  provisos  are  missing  in  the  description 
of  the  realistic  superconducting  ceramics  in  the  context  of  any  one  of 
these  proposed  models.  In  writing  down  the  Hamiltonian  for  any  of  these 
models  with  a  specific  mechanism,  a  simplified  form  of  it  is  usually 
adopted.  The  actual  Hamiltonian  may  be  more  complex.  For  example,  the 
negative-0  Hamiltonian  of  a  double-valence  fluctuating  molecule  hybridized 
with  the  conduction-electron  band  is  often  drastically  simplified  to  have 
the  manageable  form  as  given  in  References  5*6  for  calculations  of 
enhancement  of  T  by  use  of  perturbative  techniques  and  Monte  Carlo  simu¬ 
lation  techniques.  A  negative-0  term  0n.*n_.|  is  used  to  describe  the 
attractive  interaction  when  conduction  elections  are  transferred  by  hybrid¬ 
ization  onto  the  negative-0  centers.  The  actual  picture  may  be  more 
truthfully  described  by  orbitals,  potentials,  lattice  distortions  and 
kinetic  degrees  of  freedom  of  both  the  conduction  electron  and  the  impurity 
electron.  For  the  purpose  of  addressing  the  problem  of  enhancement  of 
superconductivity,  the  simplification  is  not  a  problem  and  the  approach 
adequate.  However,  a  full  representation  of  all  the  details  and  compli¬ 
cated  aspects  of  the  physics  corresponding  to  any  of  these  mechanisms  would 
require  a  Hamiltonian  more  complex  than  is  given.  A  large  class  of  complex 
Hamiltonians  possesses  the  generic  feature  of  low-lying  near  degenerate 
states.  The  latter  are  particularly  prominent  if  electron-elec^gon  corre¬ 
lations  are  important  which  appears  from  experimental  inference  to  be  the 

case  in  La„CuO,  .  Low-lying  near  degenerate  states  are  characteristics  of 
2  4-y 

metastability  and  the  glassy  state.  However  the  existence  of  these  near 
degenerate  states  does  not  necessarily  imply  metastability.  In  either 
case,  a  subset  of  these  near  degenerate  states  are  responsible  for  the 
slowing  down  of  long  time  relaxation  processes  resulting  in  slow  nonexpo- 
.oential  relaxations  of  the  type  commonly  obs^ved  in  equilibrium  viscous 
liquids  as  well  as  in  nonequilibrium  glasses  .  The  existence  of  these 
near-degenera te  states  for  quantum  Hamiltonians  in  which  there  are  strong 
correlations  between  different  degrees  of  freedom  has  been  documented  to  be 
a  generic  property.  We  will  refer  to  systems  with  this  property  as  complex 
Hamiltonians.  In  the  corresponding  classical  limit,  Hamiltonians  are 
generally  nonintegrable  and  possess  a  characteristic  structure  of  regular 
and  chaotic  orbits  in  phase  space.  In  either  the  quantum  or  the  classical 
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context,  we  have  provided  a  framework  to  show  how  the  respective  generic 
property  manifests  itself  in  slowing  down  of  the  primary  relaxation  rate  W 
to  have  the  self-similar  time-dependent  form  of  W(t)  »  w  (u>ct)  ,  0<n<l, 
for  u  t>l.  Prom  this,  the  fractional  exponential  relaxa?ion  (Kohlrausch) 

C  1  —  Q  »  J 

function  4(t)  -  «xp[-(t/T*)  ]  along  with  additional  predictions  follow. 

Another  approach  based  on  classical  mechanics  with  time-dependent  Dirac 
constraints  and  statistical  ^|chanics  of  irreversible  processes  has  also 
led  to  the  same  conclusions. 

From  the  previous  discussions,  it  is  clear  that  slow  relaxation  may 
naturally  arise  from  the  complex  and  non-integrable  (in  the  classical 
mechanics  sense)  nature  of  the  total  unabridged  Hamiltonian  for  many  of  the 
proposed  high-T  mechanisms  if  realistic  interactions,  conditions  such  as 
the  existence  of  clusters  and  their  different  phase  coherences,  and  imper¬ 
fections  in  material  are  taken  into  account.  If  any  of  these  proposed 
mechanisms  turn  out  to  be  correct,  then  both  high-T  superconductivity  and 
slow  relaxation  are  two  accompanying  consequences  of  the  same  complex 
Hamiltonian.  We  are  led  to  expect  that  in  some  of  the  high-T  supercon¬ 
ducting  ceramics  we  may  be  able  to  observe  experimentally  a  sfow  relaxation 
phenomenon.  This  turns  out  to  be  indeed  the  case  and  will  be  discussed  in 
the  next  section.  By  contrast,  the  conventional  BCS  phonon  mechanism  for 
superconductivity  in  simple  metals  does  not  involve  a  complex  Hamiltonian 
and  slow  relaxation  is  not  expected  there.  Slow  relaxation  will  provide, 
in  addition  to  superconductive  and  magnetic  properties,  another  handle  on 
the  physics  of  the  high-T  materials.  A  parallel  study  of  superconduc¬ 
tivity  and  slow  relaxations  and  a  comparison  of  their  variations  with  con¬ 
ceivable  modification  of  sample  structure  and  defect  concentrations  by 
various  means  including  heat  treatment  and  sample  preparation  method,  etc. 
may  reveal  correlations  of  their  variations.  The  result  may  be  able  to 
provide  some  guidance  in  the  search  for  the  origin  of  high-T  in  these 
ceramic  materials. 


INFERENCES  FROM  EXPERIMENTS 

In  the  previous  section,  we  discussed  that  any  alternative  models  to 
the  BCS  theory  of  phonon  mediated  superconductivity  to  account  for  the 
high-T  superconductivity  in  the  ceramics  are  likely  to  involve  a  complex 
Hamiltonian.  Whichever  it  and  the  mechanism  it  represents  may  be,  slow 
relaxation  will  be  an  accompanying  feature  as  expected  from  our  general 
considerations  of  relegations  in  complex  systems.  In  fact,  Muller, 
Takashige  and  Bednorz  have  found  signatures  for  both  a  glass  state  and 
slow  nonexponential  decays  from  susceptibility  and  magnetic  moment 
measurements  in  powder  samples  of  La^CuO^  :Ba.  The  experimental  data  and 
the  sample  properties  suggest  the  picture  &f  coupled  superconducting  clus¬ 
ters  or  grains  each  with  size  small  compared  with  the  London^enetration 
depth  and  are  weakly  coupled  into  closed  loops.  The  picture  is  similar 

to  a  spin  glass.,, This  state  in  La„CuO„  has  been  called  the  superconduc- 
26  2  4-y 

tive-glass  state  .  An  estimate  of  the  single  phase  area  and  the  grain 
size  has  led  to  the  conclusion  that  the  superconductive-glass  state  is 
present  in  the  La^CuO^  _  : Ba  gr^ns.  The  Hamiltonian  describing  the  entire 
array  of  weakly  coupied^grains  involves  the  sum  over  all  distinct  pairs 
of  grains  of  terms  J.  . cos ( $ . -$  . -A .  .)  where  $  .  and  ♦.  are  phases  of  the  com¬ 
plex  energy  gaps  andC.  .  isC  iagn^tic  field  phase  factor.  Slow  relaxation 
is  attributed  to  correction ,  cooperativity  and  coupling  between  grains. 

It  is  argued  that  “the  phase  coherence  for  a  certain  cluster  has  to  become 


173 


V- 


7.  *"■ 


/»;'• -  - 


jm m  / m  •' m  • 


• »  "v*  rv m  'xj*  rui  rw  rwx  n*i  rwv  nr;  »v/  wu  wu  w-v  w~u  fti  jtv  F'  w  p 


'  p-n  »_n  v  r7\nr  irwifw. p 


close  enough  to  neighboring  ones  that  it  can  relax.  This  becomes  less  pro¬ 
bable  when  the  system  evolves  in  time,  and  large  volumes  with  different 
phase  coherences  are  present".  This  qualitative  argument  for  slow  relaxa¬ 
tion  is  consistent  with  our  view  of  the  slowing  down  of  the  relaxation  rate 
by  the  coupling  between  clusters  with  Hamiltonian  jCos($^-$^-A^ ^ ) . 

Measurements  of  the  real  and  imaginary  parts  of  the  ac  susceptibility 
of  the  YrDa-Cu-0  system  have  been  made  over  a  frequency  range  of  a  few 
decades^  .  The  susceptibility  exhibits  frequency  dependence  at  tempera¬ 
tures  below  70K.  The  complicated  temperature  and  frequency  dependences  of 
the  susceptibility  are  attributed  to  inter-grain  boundary  effects.  In  the 
future,  we  can  expect  more  investigations  of  relaxation  properties  in  the 
high-T  ceramics  to  be  reported.  The  results  will  be  useful  for  correla¬ 
tion  with  the  superconductivity  properties  and  their  relation  to  the  micro¬ 
structure  and  chemical  constituents  of  these  materials. 


COMPLEX  HAMILTONIANS 

In  addition  to  the  complex  Hamiltonian  discussed  in  the  previous  sec¬ 
tion  that  arises  from  coupled  superconducting  clusters  that  are  present  in 
some  though  perhaps  not  all  of  the  high-T  oxides,  another  source  of  com¬ 
plex  Hamiltonian  comes  from  the  electron  correlation  effects  that  are 
important  in  any  of  the  mechanisms  for  high-T  superconductivity.  Again 
let  us  consider  the  negative-U  models  or  bipo5aron  models.  The  interaction 
for  zero  and  double  occupancies  at  the  negative-0  center  usually  involves 
significant  lattice  distortions  and  hence  nonlinear  potentials  in  the 
dynamical  trapping  of  the  pair  of  electrons.  There  are  examples  of  such 
nonlinear  Hamiltonians  which  in  the  classical  context  gives  rise  to  chaos 
in  phase  space,  and  in  the  quantum  context  to  near  degenerate  levels  with  a 
distribution  conforming  to  so-called  Gaussian  Orthogonal  Ensemble  (GOE)  of 
random  matrix  theory.  These  include  several  Hamiltonians  with  two  degrees 
of  freedom  coupled  by  nonlinear  potentials  in  the  coordinates. 


H  -  ^(pi2/2mi)  +  aV(qlfq2) 


For  a  large  class  of  potentials  V,  the  quantum  energy  levels  are  found  to 
exhibit  level  repulsion  and  their  fluctuation  properties  conform  to  well- 
defined  statistical  distributions  as  o  increases  and  the  correlations 
between  degrees  of  freedom  become  important.  An  example  is  the  Morse 
potential,  V  -  [l-exp[-a(q2  -  q^]]  ,  which  is  often  used  to  represent 
molecular  bonds.  This  is  also  equivalent  via  canonical  transformation  to  a 
Hamiltonian  with  coupling  in  the  Kinetic  energy.  The  quantized  energy 
spectra  of  the  Morse  potential  system  has  been  studied  numerically.  In 
particular,  the  nearest-neighbor  level-spacing  distributions  were  con¬ 
structed  for  different  values  of  the  Hamiltonian  parameters.  In  the  limit 
of  strong  coupling,  where  the  Hamiltonian  is  expected  to  be  complex,  the 
calc^lat|d  distributions  are  closely  described  by  P(S/S)  »  (tS/2S  )  exp 
(~»S  /4S  ),  where  S  is  the  nearest-neighbor  level  spacing  and  S  is  the 
mean  spacing.  This  is  the  Wigner  distribution  which  also  closely  describes 
the  GOE  of  random  matrix  theory.  The  same  limit  of  strong  coupling  in  this 
system  corresponds  to  classical  motion  which  is  nonintegrable  and  predomi¬ 
nantly  chaotic  as  exhibited  by  trajectories  in  Poincare  sections  of  the 
Hamiltonian.  As  a  decreases  and  the  interparticle  correlations  become  less 
important,  P(S/S)  tends  instead  to  a  simple  Poisson  distribution  and  the 
corresponding  classical  motion  becomes  dominated  by  regular  trajectories. 
These  quantum  and  classical  results  are  borne  out  by  explicit  solutions  of 
many  other  nonlinear  potentials. 
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In  addition  to  these  explicit  numerical  solutions,  arguments  have  been 
proposed  by  Pechukas,  and  improved  upon  by  Berry  and  Yukawa,  to  understand 
the  spectral  properties  of  Hamiltonians  in  a  more  general  context  as  a 
varies  in  strength.  These  are  based  on  the  observation  that  for  complex 
Hamiltonians,  there  are  no  strong  selection  rules  and  the  off-diagonal 
matrix  elements  of  V  between  nearby  states  are  large  and  of  the  same 
average  strength.  These  matrix  elements  also  fluctuate  rapidly  with  a. 
However,  for  simple  Hamiltonians,  with  strong  selection  rules,  off-diagonal 
matrix  elements  are  small  compared  to  the  mean  level  spacing.  Within  this 
context,  an  explicit  analytical  construction  of  the  level  spacing  distri¬ 
bution  functions  were  developed  by  supplementing  the  Hamiltonian  H  »  H  ♦ 
aV  with  statistical  mechanical  arguments.  Por  Hamiltonians  representing 
quantum  systems  with  time-reversal  symmetry,  the  results  (in  arbitrary 
number  of  dimensions)  are  again  in  accord  with  GOE  when  the  Hamiltonian  is 
complex  and  a  is  large  and  makes  a  transition  to  the  Poisson  distribution 
as  a  decreases.  More  recently,  Nakamura  and  LakshmananJ  have  proposed  a 
rigorous  basi^for  these  developments  based  on  Lax  forms  and  their  solu¬ 
tions.  Berry  has  also  discussed  the  generic  occurrence  of  level  repul¬ 
sion  in  connection  with  the  Wigner-von  Neumann  theorem  for  energy  level 
degeneracies.  Thus  there  is  increasing  understanding  of  how  specific  fea¬ 
tures  of  complex  Hamiltonians  influence  the  generic  features  of  level  spec¬ 
tra.  Others  have  suggested  the  use  of  Lanczos-Haydock-Heine  tridiagonali- 
zation  methods  to  study  the  spectra  of  electronic  bands  in  imperfect 
solid^  A  simple  example  of  this  was  actually  studied  previously  by 
Berry  for  motion  in  a  2-d  lattice  of  hard  scatterers  (i.e.  quantum 
billiard).  Solution  of  the  KXR  determinant  of  this  system  revealed  a  GOE 
spectrum.  The  corresponding  classical  behavior  is  strongly  chaotic. 

Consider  next  the  RVB  model  with  inclusion  of  possible  oxygen  vacancies 
and  frustrations.  The  RVB  or  spin  singlet  liquid  state  has  been  suggested 
as  being  the  appropriate  ground  state  for  S  *  \  Heisenberg  antiferromag- 
nets.  The  characterization  of  quantum  and  classical  generi^f  eatures  in 
lattice  spin  systems  has  recently  been  addressed  by  Muller.  Spin  systems 
containing  N  spins  can  be  studied  in  the  limit  of  N  finite.  S'*”  (classical 
limit)  as  well  as  in  the  limit  of  S  finite,  N+”  (thermodynamic  limit).  The 
classical  limit  was  examined  by  Nakamura  and  Bishop  by  explicit  calcula¬ 
tions  on  a  three-spin  triangular  lattice  with  antiferromagnetic  coupling: 

r1  2  Z 

H  «  J> ( S : S  .  *  ,  +  oS . S . . , )  (2) 

ill  l  l+l 

where  J>0,-lSo<0  and  i  •  1,2,3.  Boundary  conditions  are  periodic.  The 
triangular  lattice  with  anti f erromagnetic  coupling  is  frustrated  in  the 
sense  that  there  are  competing  interactions,  especially  for  small  values  of 
S.  For  S  »  the  presence  of  frustration  will  enhance  the  formation  of 
the  RVB.  Por  S>l/4,  the  classical  dynamics  of  this  system  appear  to  be  non- 
integrable  (excluding  the  isotropic  limit  o  »  0)  and  the  semiclassical 
quantum  spectra  exhibits  level  repulsion.  A  sufficient  number  of  levels  to 
explore  the  statistical  properties  of  the  spectrum  were  available  even  for 
the  three-spin  cluster  by  using  spio  values  as  large  as  S  *  36^.  From 
these  results,  the  authors  expect  studies  with  even  larger  S  will  reveal  a 
Poisson  distribution  for  o  »  0  and  a  Wigner  distribution  for  c<0.  Muller 
expects  this  situation  to  be  generic  for  the  classical  limit  of  spin 
systems.  He  also  discusses  the  work  of  Frahm  and  Mikeska  on  a  driven  one- 
spin  system  who  found  both  a  Wigner  distribution  and  nonintegrable  classi¬ 
cal  dynamics  in  the  3>>1  regime.  Thus  the  behavior  of  spin  systems  in  the 
classical  and  semiclassical  regimes  is  accessible  by  study  of  small  spin 
clusters  of  large  but  finite  S.  Here  the  generic  level  spacing  structure 
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is  a  precursor  of  classical  dynamical  chaos.  For  the  situation  representa¬ 
tive  of  the  high-T  ceramics,  the  Hamiltonian  is  far  more  complicated  than 
the  simple  Heisenberg  system  in  Eq.  (2).  Of  more  immediate  interest  is  the 
study  of  the  appropriate  Hamiltonian  in  the  complementary  limit  of  small  S 
(e.g.  S  -  %)  and  a  large  spin  cluster,  i.e.  the  thermodynamic  limit.  This 
is  more  difficult  to  analyze  theoretically  but  Muller  has  suggested  that 
the  spectrum  of  quantum  spin  systems  is  genericaily  irregular  in  this  limit 
with  strong  level  repulsion  due  to  the  lack  of  a  sufficient  number  of  con¬ 
servation  laws  (i.e.  selection  rules).  He  discusses  and  presents  evidence 
for  the  emergence  in  this  limit  of  an  irregular  spectrum  which  is  not  con¬ 
strained  by  a  piece-wise  smooth  energy  density  with  isolated  van  Hove 
singularities.  Muller  presents  the  N-»®  limit  of  quantum  spin  systems  as  a 
regime  of  quantum  chaos  for  which  the  long  time  dynamical  behavior  will  be 
modified.  Although  the  corresponding  spectrum  has  not  yet  been  completely 
studied,  it  can  be  expected  that  large  numbers  of  quantum  spins  with  com¬ 
plicated  and  frustrated  interactions  will  introduce  some  type  of  generic 
complexity  into  the  Hamiltonian. 

Let  us  finally  return  to  the  other  class  of  complex  Hamiltonians 
describing  the  coupling  between  superconducting  clusters  in  some  samples  of 
the  high-T  ceramics.  The  diamagnetic  response  ^  weakly  linked  supercon¬ 
ducting  clusters  was  modeled  by  Ebner  and  Stroud  in  terms  of  coupling 
between  the  host  material  and  the  grains  according  to  the  Hamiltonian 

H  -  £j.  .cos (♦ . . -A .  .)  (3) 

ij  i  i  lj 

where  J.  .  is  the  coupling  energy  between  grains  i  and  j,  and  the  phase 
factors1^. .  are  due  to  the  presence  of  a  static  external  magnetic  field. 
This  "Josefjhson  tunneling"  model  is  characterized  by  frustration  in  that 
any  cluster  of  grains  has  numerous  competing  ground  states  with  nearly 
equal  energy.  Such  frustration  is  familiar  from  previously  studied  systems 
such  as  spin  glass  models.  Randomness  can  enter  through  the  Josepnson 
coupling  energy  J. .  and  also  through  the  grain  sizes.  The  existence  of 
many  local  energy^inima  in  classical  XT  systems  and  planar  spin  models 
with  random  J.  .  similar  to  Eq.  (3)  are  known  from  numerical  studies.  For 
the  purpose  o^relaxation,  this  situation  leads  to  a  picture  in  which  some 
clusters  must  wait  to  relax  until  the  phase  coherence  becomes  close  enough 
to  neighboring  ones.  Such  cooperativity  due  to  correlations  between 
degrees  of  freedom  has  many  of  the  ingredients  present  in  our  discussion  of 
relaxation  of  complex  Hamiltonians.  It  is  possible  that  a  system  described 
by  a  Hamiltonian  such  as  Eq.  (3),  supplemented  by  other  additional  inter¬ 
actions  and  randomness  which  will  inevitably  be  present  in  a  realistic 
representation  of  ceramics,  may  constitute  a  complex  Hamiltonian  in 

this  sense.  EfetovJ  has  given  an  example  of  an  electron  in  which  the  pre¬ 
sence  of  a  random  distribution  of  impurities  induces  a  complex  level 
spectra  described  by  the  GOE  distribution.  Simple  driven  spin  systems  in 
the  regime  in  which  the  driving  force  acts  as  a  random  interaction  also 
exhibit  the  generic  GOE  level  spectra.  The  more  complicated  granular 
superconductor  system  must  then  be  seriously  considered  as  a  possible  com¬ 
plex  Hamiltonian. 

SLOWING  DOWN  OF  RELAXATION  RATE 

We  have  seen  that  it  is  likely  that  the  complex  Hamiltonians  proposed 
for  high-T  will  give  rise  to  low-lying  degenerate  levels.  A  possible 
source  of  the  latter  is  the  strong  electron  correlation  effects  common  to  a 
number  of  these  complex  Hamiltonians.  If  we  pick  out  a  dynamical  variable 
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(say  the  spin)  and  consider  its  relaxation,  then  the  electron  correlation 
effects  present  would  make  the  relaxation  process  difficult  to  describe. 
Basically,  we  have  to  deal  with  a  many-body  problem  in  an  irreversible 
process  for  which  there  is  no  standard  method  of  solution.  We  have  recog¬ 
nized  the  possibility  that  the  dynamical  variable  is  being  coupled  to 
others  and  its  relaxation  rate  is  slowing  down  with  time  by  the  constraints 
imposed  by  the  others.  The  idea  that  the  relaxation  rate  that  enters  into 
a  master  equation  can  be  a  time-dependent  function  is  a  central  idea  of  our 
models  and  this  is  physically  reasonable  for  relaxation  in  complex  systems 
with  correlations.  Rates  for  kinetic  equations  are  known  to  be  generally 
time-dependent  and  constant  relaxation  rates  have  been  derived  only  for 
simple  integrable  Hamiltonians  under  some  simplifying  assumptions  of  the 
heat  bath  such  as  the  weak-coupling  limit.  Intuitively,  a  time-dependent 
relaxation  rate  W(t)  can  be  motivated  by  cooperativity  which  entails 
dynamics  of  other  variables  sequential  to  the  initial  relaxation  of  a 
primary  variable.  It  is  also  consistent  with  general  properties  of 
relaxation  functions.  Remarkably,  the  only  time-dependence  of  W(t)  which 
guarantees  that  a  change  of  temperature  will  change  only  the  timescale  but 
not  the  functional  form  of  the  relajgtion  function  of  a  relaxation  process 
(i.e.  thermorheological  simplicity)  has  the  monomial  form  of 

W(t)  -  W  (<■>  tj*"n  (4) 
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where  W  is  the  primary  relaxation  rate,  <a  is  a  characteristic  frequency 
and  n  is  a  fraction  of  unity.  We  can  arrive  at  the  same  result  by  another 
requirement  for  the  stability  of  the  relaxation  spectrum  in  forming  the 
macroscopic  relaxation  spectrum  by  superposition  of  microscopic  relaxation 
spectra.  In  addition  to  these  general  considerations,  W(t)  can  be  derived 
on  the  basis  of  Hamiltonian  dynamics  where  the  generic  properties  of  com¬ 
plex  Hamiltonians  are  taken  into  account.  We  have  modeled  the  sequential 
dynamics  of  the  other  variables  by  the  transitions  among  the  low-lying  near 
degenerate  levels  of  the  complex  Hamiltonian.  If  the  initial  (at  short 
times)  relaxation  rate  of  the  primary  variable  is  W  ,  then  the  accompanying 
transitions  raod^|y  it  to  have  the  time-dependent  form  of  Eq.  (4).  This  can 
also  be  derived  directly  in  terms  of  the  corresponding  classical  generic 
property,  classiral  chaos.  The  current  understanding  of  the  relation 
between  kinetic  equations  for  the  approach  to  thermodynamic  equilibrium  and 
microscopic  equations  of  motion  are  based  on  the  methods  developed  by  van 
Hove,  Prigogine,  and  others.  A  Hamiltonian  interacting  with  a  heat  bath 
will  systematically  produce  irreversible  kinetic  equations  with  constant 
relaxation  rates  W  .  Previous  workers  have  on) y  derived  kinetic  equations 
corresponding  to  integrable  Hamiltonians  Hs,  whereas  it  has  become  known 
that  Hamiltonians  are  generically  nonintegrable.  We  have  recently 
derived-3  kinetic  equations  directly  from  the  equations  of  motion  for  clas¬ 
sical  nonintegrable  H^'s  interacting  with  a  heat  bath.  In  the  weak- 
coupling  limit,  we  find  that  the  effect  of  nonintegrability  for  a  large 
class  of  systems  is  generally  to  modify  the  constant  relaxation  rates  by  a 
multiplicative  time-dependent  factor:  W  f(t).  The  form  of  f(t)  has  been 
investigated  both  analytically  and  numerically  and  its  origins  can  be 
traced  to  the  mechanism  of  classical  chaos.  The  results  are  again  con¬ 
sistent  with:  f(t)  *  1,  in  t<l  and  f(t)  *  (w  t)  n,  u>  t>l  where  0<n<l.  This 
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leads  directly  to  ncriexponential  relaxation  e^p^y ( t/T * )  )  along  with  the 

modified  relaxation  time  t*  »  ((l-n)w  /W  ]  as  has  been  experimen- 
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tally  documented  for  glasses  and  polymers.  These  are  examples  of  our  con- 
tinuing  effort  to  improve  our  understanding  of  relaxations  in  complex 
systems  which  may  include  some  of  the  high-T^  materials. 


This  work  is  supported  in  part  (K.  L.  Ngai  and  R.  W.  Rendell)  by  ONR 
Contract  No.  N0001487WX24039. 
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Abstract 


Electrical  reistance  and  x-ray  diffraction  measurements  have  been 
made  on  several  samples  of  La2Cu04.  The  electrical  data  on  one  sample 

show  the  presence  of  a  semiconductive  to  metallic  transition  on  cooling 
near  35  K;  this  could  be  evidence  of  superconductivity.  The  x-ray  data 
reveal  the  presence  of  one  (possibly  two)  structural  phase  transition(s)  at 
32-34  K  and  below  15  K.  The  lower  transition  is  reversible  and  seen  in  all 
samples,  along  with  remanents  of  the  orthorhombically  distorted 
K2NiF4-structure  of  the  parent  phase.  The  observed  peaks  in  the  low 

temperature  phase  can  be  indexed  to  a  monoclinic  lattice.  It  is  believed 
that  the  orthorhombic  phase  is  responsible  for  the  recently  discovered 
superconductivity  in  some  La2Cu04  samples  and  that  the  monoclinic 

polymorph  reported  here  is  responsible  for  the  low  temperature 
semiconductive  behavior  of  most  La2Cu04  samples.  These  conclusions  are 

in  agreement  with  recent  theoretical  predictions. 
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Recently,  there  has  been  a  tremendous  interest  and  excitment 
generated  by  the  new  class  of  oxygen  defect,  perovskite  related,  copper 
oxide  superconductors.  All  of  this  was  initiated  by  the  discovery  of 
superconductivity  at  temperatures  in  excess  of  30  K  in  La-Ba-Cu-oxides 
[1]  and  the  subsequent  discovery  of  superconductivity  in  excess  of  90  K  in 
Y-Ba-Cu-oxides.[2]  The  prototypical  compound  for  the  lower  transition 
temperature  materials  is  La2Cu04  in  the  orthorhombically  distorted 

K2NiF4-structure.  It  has  recently  been  shown  that  the  superconducting 

compounds  La2_xMxCu04  where  M  -  Sr,  Ba,  or  Ca,  are  also  orthorhombic 

above  Tc  [3,4]  Based  on  first-principles  calculations,  Pickett  et  al. 

predicted  that  tetragonal  La2Cu04  should  be  superconducting. [5]  Very 

recent  band  structure  calculations  and  group  theoretical  analyses  of 
Kasowski,  Hsu,  and  Herman  [6]  indicate  also  that  orthorhombic  La2Cu04 

should  also  be  metallic  and  superconducting.  Indeed,  recent  experiments 
performed  here  and  elsewhere  on  La2Cu04-samples  quenched  from  high 

temperatures  (>  800*  C)  show  evidence  that  portions  of  the  sample  are 
superconducting. [7].  Thus,  it  has  been  a  mystery  why  single  phase 
samples  of  La2Cu04  show  a  semiconducting-like  behavour  at  low 

temperatures.  Kasowski  et  al.[6]  suggest  that  there  is  an  additional  phase 
transition  occuring  at  low  temperatures  from  the  orthorhombically 
distorted  K2NiF4-structure  to  a  lower  symmetry  structure,  possibly 

monoclinic.  Detailed  temperature  dependent  x-ray  diffraction  data 
reported  here  show  unambiguously  that  indeed  a  structural  transition  (or 
possibly  two  transitions)  does  occur  at  low  temperatures.  We  believe  that 
the  orthorhombic  phase  is  responsible  for  the  recently  discovered 
superconductivity  in  some  la2Cu04  samples  and  that  the  low  temperature 

polymorph  is  responsible  for  the  low  temperature  semiconductive  behavior 
of  most  La2Cu04  samples.  These  conclusions  are  in  agreement  with  recent 

theoretical  predictions. 

Test  specimens  were  prepared  by  mixing  appropriate  proportions  of 
reagent  grade  powders  of  La203  and  CuO  to  yield  a  product  of  la2Cu04. 

The  La203  was  99.99%  pure  and  contained  1  ppm  of  Ca,  with  no  Sr  or  Ba 

detected;  the  CuO  contained  1  ppm  Ba  and  less  than  1  ppm  Sr.  The  powders 
were  reacted  in  air  at  950*  C  for  6  h,  with  one  grinding  after  3  h.  The 
powders  were  again  ground  and  pressed  at  20  kpsi  into  1/2-in.  diameter 
pellets,  sintered  at  950*  C  in  air  for  15  h,  and  then  slowly  cooled 
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(~2*C/min).  These  samples  gradually  fell  apart  in  a  matter  of  days  when 
left  exposed  to  air  at  room  temperature  due  to  the  absorption  of  water. 
The  crumbled  pellets  were  again  resintered  at  940*  C  in  air  and  furnace 
cooled  to  400*  C.  At  this  point  the  samples  were  transferred  to  a 
dessicator  where  they  remained  stable.  One  sample  (referred  to  below  as 
•quenched")  was  reheated  to  900*  C  in  air  overnight  and  then  rapidly 
cooled  in  air. 

Resistance  measurements  were  made  using  standard  ac,  four-probe 
method  with  currents  of  5  and  50  jaA.  Results  of  these  measurements  are 
shown  in  Fig.  1.  The  sample  which  was  slowly  cooled  showed  no  evidence 
of  metallic  behavior  between  295  and  5  K,  in  contrast  to  this,  the  sample 
which  was  quenched,  exhibited  an  maximum  in  resistance  on  cooling  at 
about  36  K.  below  which  it  did  behave  as  a  metal.  It  is  possible  that  this 
indicates  that  portions  of  the  material  are  superconducting.  We  note  that 
Grant  et  al.  recently  reported  evidence  of  superconductivity  in  these 
materials,  but  found  it  to  be  trace-like,  filamentary,  and  very  sensitive  to 
stoichiometry. [7] 

Portions  of  the  two  La2Cu04  samples  were  separately  ground,  mixed 

in  a  dilute  solution  of  celvacene  and  acetone,  and  evaporated  onto  a 
conductive  sample  mount.  The  samples  were  mounted  in  an  x-ray  cryostat 
and  studied  in  a  manner  similar  to  that  recently  discussed  for 
La1  gBag  -|Cu04.[8]  A  diffraction  spectrum  taken  of  the  slowly  cooled 

sample  at  295  K  is  shown  in  Fig.  2a.  Ail  of  the  major  peaks  can  be  indexed 
on  the  basis  of  the  orthorhombic  lattice  initially  reported  by  Longo  and 
Raccah.[8]  Unit  cell  parameters  determined  from  this  spectrum  are:  a  = 
5.36310.010;  b  «  5.400±0.012;  c  «  13.16±0.02  A;  these  are  in  agreement 
with  those  reported  by  Longo  and  Raccah.[9]  Similar  results  were  obtained 
for  the  quenched  sample. 

On  cooling,  there  was  no  evidence  of  of  any  structural  change  above 
about  15  K.  Below  this  however,  there  was  a  major  change  in  the 
diffraction  spectrum.  Fig  2b  is  a  spectrum  of  the  quenched  sample 
recorded  at  11.5±0.5  K.  There  is  a  small  fraction  of  the  sample  which  is 
still  in  the  orthorhombic  phase;  diffraction  peaks  marked  by  the  arrows 
correspond  to  this.  However,  the  major  portion  of  the  sample  has 
undergone  a  phase  transformation  as  indicated  by  the  other  peaks  in  the 
pattern.  Although  attempts  were  made  to  index  the  low  temperature 
pattern  to  higher  symmetry  lattices,  the  best  fit  was  found  for  a 
monoclinic  lattice  with  the  following  parameters:  a  »  6.495±0.005  A;  b  « 
4.16310.002  A;  c  -  5.52210.002  A;  p  -  96. 1510.05*. 
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It  is  our  presumption  that  this  new  phase  is  responsible  for  the 
semiconductive  behavior  at  low  temperatures,  as  predicted  by  Kasowski  et 
al.[6]  However,  the  fact  that  this  semiconducting  behavior  can  be  seen  at 
higher  temperatures,  suggests  that  there  also  may  be  other,  more  subtle, 
mechanisms  involved,  such  as  the  charge-density  wave  distortion 
predicted  by  Mattheiss  [10]  and  possibly  seen  by  Stavola  et  al.[11] 

In  an  attempt  to  identify  the  structural  transition  temperature,  the 
x-ray  detector  was  centered  with  a  wide  angle  window  on  the  prominent 
diffraction  peak  in  the  low  temperature  phase  at  27.5*  20.  The  intensity 
of  this  peak  was  monitored  as  the  sample  was  slowly  warmed;  see  Fig.  3 
At  approximately  27  K,  the  intensity  began  to  decrease;  background  level 
was  attained  at  about  37  K.  On  cooling,  the  reverse  transition,  as 
determined  by  the  growth  of  this  peak,  was  not  observed  at  temperatures 
above  15  K,  however  below  this  a  steady  growth  took  place.  If  a  portion  of 
the  sample  had  already  partially  transformed,  a  substantial  increase  in  the 
magnitude  of  this  peak  could  be  produced  by  repetitive  cycling  between  27 
and  10  K. 

In  a  few  cases,  on  warming  through  the  transition  near  35  K,  the 
declining  intensity  would  pass  through  a  small  local  maximum  before 
dropping  to  the  background  level.  We  suspect  that  this  may  be  indicative 
of  a  possible  second,  intermediate  phase  encountered  on  warming  and  we 
have  provisional  x-ray  data  to  support  this.  Further  investigation  of  this 
is  underway.  It  is  unclear  to  us  why  other  reported  low  temperature 
structural  investigations  of  this  material  have  not  seen  this 
transition  [1 2-1 4]  A  possible  explanation  could  be  the  sluggish  nature  of 
the  transition  on  cooling,  especially  if  cooled  quickly  and  held  at  very  low 
temperatures. 

The  point  that  we  are  making  in  this  letter  is  that  there  exists  a 
heretofore  unknown  low  temperature  phase  in  La2Cu04.  It  is  presumed 

that  this  is  the  phase  predicted  by  Kasowski  et  al.[5]  and  that  responsible 
for  the  low  temperature  semiconductive  properties  of  most 
La2Cu04*samples.  All  samples  that  we  studied  also  exhibited  evidence  of 

residual  elements  of  the  orthorhombic  phase  at  the  lowest  temperatures, 
the  amounts  of  this  phase  varied  from  sample  to  sample.  We  believe  that 
it  is  this  phase  which  is  responsible  for  the  superconductivity  seen  in 
some  l^CuO^-samples.  These  results  are  consistent  with  the  recent 

discovery  by  Grant  et  al.  [7] 
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Figure  Captions 

Fig.  1:  Temperature  dependence  of  the  ac  resistance  of  quenched  and 
slowly  cooled  samples  of  La2CuC>4. 

Fig.  2a:  X-ray  diffraction  spectrum  of  La2CuC>4  recorded  at  295K. 

Fig.  2b:  X-ray  diffraction  spectrum  of  La2Cu04  recorded  at  11.5±0.5 

K;  the  upper  curve  is  the  same  spectrum  with  the  scale  factor  of  the 
ordinate  multiplied  by  10.  The  arrows  indicate  peaks  believed  to  be 
associated  with  the  high  temperature,  orthorhombic  phase. 

Fig.  3:  Temperature  dependence  of  the  diffracted  intensity  near  27.5' 
20  recorded  on  cooling  (lower  curve)  and  warming  (upper  curves). 
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INTRODUCTION 

Recently  there  has  been  an  explosion  of  activity  focused  on  the  new 
class  of  oxygen  defect,  perovskite  related,  copper  oxide  superconductors 
All  of  this  was  initiated  by  the  discovery  of  superconductivity  at  temp¬ 
eratures  in  excess  of  30  K  in  La-Ba-Cu-oxides [ 1 ]  and  the  subsequent  dis¬ 
covery  of  superconductivity  in  excess  of  90  K  in  Y-Ba-Cu-oxides . [ 2] 
The  prototypical  compound  for  the  lower  transition  temperature  materials 
is  La  CuO ^  which,  at  room  temperature,  crystallizes  in  an  orthorhombic 
distortion  of  the  K  NiP  -structure.  [3,4]  It  has  recently  been  shown 


is  La  CuO ^  which,  at  room  temperature,  crystallizes  in  an  orthorhombic 

distortion  of  the  K^NiP^ -structure. [3,4]  It  has  recently  been  shown 

that  the  superconducting  compounds  La  M  CuO^,  where  M  =  Ba,  Ca,  or  Sr, 

are  also  orthorhombic  above  T  .[5,6] 

c 

Based  on  first  principles  calculations,  Pickett  et  al.  predicted 
that  tetragonal  La^CuO  should  be  superconducting. [ 7]  However,  resist¬ 
ance  measurements  of  Jorgensen  et  al.  on  La  CuO  indicated  that  the 
material  is  metallic  down  to  about  100  K,  below  which  it  behaves  like  a 
doped  semiconductor . [4]  Most  recently  Grant  et  al.  reported  evidence  of 
superconductivity  below  40  K  of  1  part  in  6000  of  La  CuO  .[8]  In  con¬ 
sideration  of  the  presence  of  both  metal-like  and  semiconductor -like 
behavior  in  this  material,  Kasowski  et  al.  performed  band  structure 
calculations  and  group  theoretical  analyses. [9]  Prom  this,  they  suggest 
ed  that  La  CuO 4  may  undergo  a  structural  phase  transition  at  lower 
temperatures  from  the  orthorhombic  phase  to  a  lower  symmetry  phase, 
possibly  monoclinic.  We  have  found  evidence  of  such  a  transition  and 
find  that  it  is  correlated  with  a  change  in  the  resistance  near  30  K. 


EXPERIMENTAL  PROCEDURES 

Test  samples  were  prepared  by  mixing  appropriate  proportions 
of  reagent  grade  powders  of  La  o,  and  CuO  to  yield  a  product  of  La-CuO. . 


The  La-0.  ***  99.99%  pur*  and  contain* <1  1  ppm  of  Ca,  with  no  8r  or 
Ba  htfcud i  tha  CuO  con ta load  1  ppm  Ba  and  laas  than  1  ppa  of  8r.  Tb* 
powders  war*  raactad  in  air  at  950*  C  for  6  hr,  with  on*  grinding  af tar 
3  hr.  Tha  powdar*  war*  again  ground  and  praaaad  at  20  kpai  into  pallata 
aintarad  at  950*  C  in  air  for  15  hr,  and  than  slowly  coo  lad  (2*  C/ain). 


Sinultanaoua  raaiatanca  and  x-ray  diffraction  measurements  war* 
parforaad  in  a  taaparatur*  oontrollad  cryoatat.  Tha  raaiatanca  measura- 
aenta  war*  aada  uaing  standard  ac,  four  proba  aathoda  with  100  aicroaapa 
of  currant  at  a  frequency  of  31  ha.  Tha  x-ray  data  war*  collactad  on  a 
computer  controlled  diffractometer  uaing  Cu  K -alpha  radiation.  Add¬ 
itional  details  are  given  on  our  earlier  report  on  tha  superconductor 
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Fig.  1(left):  X-ray  diffraction  spectra  recorded  at  295  K  (lowest 

curve)  and  10-12  K  (upper  curves).  Fig.  2(right):  Temperature  depend¬ 
ence  of  the  electrical  resistance  and  x-ray  intensity  at  27.3*  29. 


RESULTS  AND  DISCUSSION 

A  diffraction  spectrum  taken  at  295  X  is  shown  in  Fig.  1  (lowest 
curve).  The  positions  of  all  the  major  peaks  are  in  agreement  with 
the  orthorhombic  lattice  reported  by  Grande  et  al.[3]  and  our  measured 
intensities  agree  with  those  calculated  from  their  structure.  Expressed 
in  the  standard  setting,  the  space  group  is  Cmca;  a  least-squares  fit  to 
37  diffraction  peaks  between  60*  and  120*  yields  the  following  unit  cell 
parameters:  a  *  5.361+0.001;  b  -  13.151^0.003;  c  -  5.408+0.001  A. 

The  temperature  dependence  of  the  resistance  is  plotted  in  Fig.  2. 
On  cooling  from  room  temperature,  there  is  initially  a  gradual  increase 
in  the  resistance,  near  100  X  a  significant  increase  begins  which 
peaks  to  a  local  maximum  near  36  X,  the  resistance  then  drops  until 
about  25  X  below  which  it  monotonically  rises.  The  resistance  curves 
are  reversible  and  seen  in  every  sample.  A  crystallographic  phase 
transformation  accompanies  this  resistance  anomaly.  The  upper  dif¬ 
fraction  spectra  shown  in  Fig.  1  are  of  the  same  material,  but  recorded 
at  10-12  X.  There  are  17  additional  diffraction  peaks  between  20*  and 
80*  26.  Ne  have  tentatively  indexed  these  peaks  to  a  monoclinic 
lattice;  attempts  to  fit  lower  symmetry  lattices  were  unsuccessful.  We 
are  in  the  process  of  determining  the  structure  of  this  new  phase. 
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Magnetization  measurements  made  on  a  squid  susceptoaeter  show 
a  diamagnetic  onset  at  about  35  K.  The  magnitude  of  the  signal  indi¬ 
cates  that  one  part  in  5000  of  the  sample  expells  flux,  if  the  dia- 
magnetisa  is  due  to  superconductivity. 

To  determine  the  teaperature  at  which  the  structural  transition 
occurs,  the  x-ray  detector  was  oentered  oo  the  prominent  diffraction 
peak  in  the  low  teaperature  phase  at  27.3*  29.  The  other  curve  shown 
in  Pig.  2  represents  the  temperature  dependence  of  this  peak  and  hence 
the  relative  amount  of  the  low  teaperature  phase.  Repetitive  cycling 
through  the  transition  clearly  establishes  a  connection  between  the  two 
phenomena .  However,  the  magnitude  of  the  resistive  anomaly  near  30  K 
shows  no  measurable  relationship  to  the  magnitude  of  the  x-ray  peak  at 
27.3*.  But,  the  magnitude  of  the  low  teaperature  resistance  does 
increase  with  increasing  magnitude  of  the  z-ray  peak.  This  implies  that 
this  new  phase  is  responsible  for  the  semiconductor -like  behavior  at  low 
temperatures.  The  kinetics  of  the  structural  transition  are  very 
sluggish  on  cooling.  Moreover,  in  addition  to  the  new  diffraction  peaks 
in  the  specta  at  low  temperatures,  remanents  of  the  orthorhombic  struc¬ 
ture  could  always  be  seen.  Comparisons  of  peak  intensities  in  the 
vicinity  of  the  transition  reveals  that  the  low  teaperature  phase  grows 
at  the  expense  of  the  orthorhombic  phase. 

It  is  our  belief  that  these  observations  oonfira  the  predictions  of 
Kasowski  et  al.[9],  viz.  that  it  is  this  new  phase  which  is  responsible 
for  the  low  teaperature  seni conductive  behavior  of  La  CuO  .  We  further 
speculate  that  this  phase  transition  inhibits  the  superconducting 
transition  in  most  of  the  material;  as  noted  above,  superconducti vi ty 
has  been  reported  only  in  small  fractions  of  these  materials . [8]  We,  as 
well  as  others,  have  searched  without  success  for  structural  transitions 
in  the  superconductor  Lai  BaQ  ^CuO. 14,10]  We  believe  that  one 
effect  of  the  introduction  of  the"  metal  inpurity  (Ba,  Ca,  or  Sr)  is  to 
suppress  this  phase  transition  and  thereby  allow  a  substantial  portion 
of  the  orthorhoaibic  phase  to  become  superconducting.  A  series  of  low 
concentration  alloys  is  under  preparation  to  test  this  hypothesis. 
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Formation  of  the  Structure  of  the  Superconducting  Phase  of 
La-Sr-Cu-0  by  DC  Sputtering 
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DC  sputtered  film  samples  of  La-Sr-Cu  are  found  to  be  noncrystalline. 
Annealing  in  air  at  temperatures  as  low  as  350°  C  yields  crystallization  of  the 
structure  of  the  superconducting  phase  of  La-Sr-Cu-O.  We  present  x-ray  spectra 
showing  the  continuous  development  of  the  La-Sr-Cu-0  phase  and  a  decrease  in  the 
c/a  ratio  upon  further  annealing  in  air  for  temperatures  up  to  600  °C. 
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The  discovery  ^  of  high  temperature  superconductivity  in  La-Sr-Cu-0  and  in 
the  Y-Ba-Cu-0  system  has  created  an  enormous  research  effort  directed  at 
understanding  and  utilizing  these  materials.  We  report  here  on  one  aspect  of  our 
effort.  Specifically,  in  order  to  study  the  formation  of  the  superconducting  phase  of 
La-Sr-Cu-O,  we  have  annealed  sputtered  metallic  films  of  La-Sr-Cu.  We  have 
found  that  these  films  are  initially  noncrystalline,  but  begin  to  crystallize  at  a  low 

temperature,  350°  C,  into  the  necessary-^  tetragonal  K2NiF4  structure  type  for 

superconductivity  at  35  K.  Subsequent  annealing  at  higher  temperatures  improves 
the  long  range  order  as  evidenced  by  additional  diffraction  peaks.  The  information 
we  are  reporting  should  prove  useful  in  understanding  the  superconducting  phase 
of  La-Sr-Cu-O. 


The  films  were  prepared  by  DC  sputtering  from  a  single  inhomogeneous  target 
of  the  three  metals  onto  quartz  substrates.  Some  control  of  the  sample  composition 
could  be  achieved  by  varying  the  substrate  position  and  the  argon  pressure.  The 
base  pressure  before  admitting  the  argon  was  2-3xl0'7  mm  of  Hg.  Typical  film 
thicknesses  were  in  the  range  of  several  thousand  Angstroms.  Before  annealing  all 
the  films  were  metallic  and  noncrystalline. 


The  annealing  was  done  in  air  by  raising  the  film  temperature  to  the  annealing 
temperature  (Ta)  over  a  period  of  one  to  two  hours.  The  films  were  cooled  from 

Ta  in  a  shorter  time,  usually  in  approximately  one  half  hour. 


Figure  1  shows  a  series  of  x-ray  scans  of  one  of  our  films  taken  with  Cu 
radiation  and  a  graphite  monochromator  as  deposited  and  after  it  had  been  annealed 
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in  air  at  successively  higher  temperatures  for  1 5  minutes  at  each  temperature.  We 
found  that  annealing  the  film  for  an  additional  hour  had  a  negligible  effect  on  the 
x-ray  pattern.  Seven  of  the  peaks  have  been  identified  as  belonging  to  the 
superconducting  F^NiF^type  phase  of  La«Sr-Cu-0.  Four  of  the  peaks  we  have 
tentatively  identified  as  belonging  to  either  LaO  or  SrO.  After  annealing  at  only 
350  °C,  the  prominent  peaks  belonging  to  the  superconducting  K^NiF^type 

structure  can  be  seen.  The  growth  of  this  phase  is  enhanced  at  higher  annealing 
temperatures. 

The  intensities  of  the  peaks  belonging  to  the  superconducting  K^NiF^type 

structure  change  after  being  annealed  at  succesively  higher  temperatures  and  begin 
to  approach  the  intensities  expected  for  a  polycrystalline  sample  of  the 

superconducting  K^NiF^type  structure.  However,  the  intensities  have  not  reached 
the  calculated  intensities  of  the  superconducting  K^NiF^type  structure  at  600  °C. 

At  least  part  of  the  reason  for  this  is  that  the  crystallites  comprising  the  film  have  a 
preferred  orientation.  The  effect  of  this  preferred  orientation  is  demonstrated  in 
Fig.  2  which  shows  a  Read  camera  x-ray  photograph  of  the  film  after  it  had  been 
annealed  at  600  °C.  The  non-uniformity  of  the  rings  shows  that  the  crystallites  are 
not  randomly  oriented  and  that  they  have  a  preferred  orientation.  In  contrast  to  the 
low  temperature  at  which  the  superconducting  K^NiF^type  structure  appears,  the 
LaO  phase  only  starts  forming  at  500  °C. 

By  fitting  the  position  of  the  peaks  in  Fig.  1  to  the  superconducting  KjNiF^type 
structure  we  have  obtained  values  for  the  tetragonal  lattice  constants,  a  and  c.  These 
values  are  plotted  as  a  function  of  Ta  in  Figures  3  (a)  and  3  (b).  One  sees  that  as  Ta 

is  increased,  c  and  a  decrease  and  increase,  respectively.  Presumably  this  implies 
that  atoms  move  out  of  the  spaces  between  the  planes  in  the  superconducting 


^NiF^type  structure  and  the  planes  become  better  formed. 

The  average  composition  of  the  metals  in  the  film  was  determined  by  x*ray 
fluorescence  to  be  (LaQ  9598^  041^2^UT  avera8e  composition. 

Because  of  the  inhomogeneous  nature  of  our  target,  the  copper  composition  varied 
by  approximately  40%  over  the  length  of  the  film.  Although  our  average  Ba 
composition  is  above  the  minimum  Ba  composition  for  which  van  Dover  et  al. 
observed^  superconductivity,  it  is  not  much  above  it.  In  any  case  we  did  not  observe 
a  resistive  superconducting  transition  in  this  film.  The  c/a  ratio  is  approximately 
3.57  after  the  350  °C  anneal.  The  value  of  c/a  after  the  600  °  C  anneal  is  3.47  which 
is  below  the  values  for  which  superconductivity  has  been  observed. ^  The 
composition  variation  within  our  films  may  be  responsible  this  low  value  of  c/a  and 
the  absence  of  superconductivity.  The  unit  cell  volume  decreases  approximately  1  % 
as  we  increased  the  annealing  temperature. 

I 

j  We  have  found  the  l^Nil^  structure  type  is  also  formed  in  other  La-Sr-Cu-0 

i 

films  at  approximately  the  same  low  annealing  temperature.  We  infer  that  this 
result  can  be  expected  to  occur  rather  generally  in  this  system.  We  have  obtained 

* 

;  quite  different  results  in  our  investigation  of  Y-Ba-Cu-0  films.  In  this  case,  we 

I 

|  started  with  a  film  with  the  composition  Y  jBa2Cu3»  i.e.  the  correct  composition  for 

i 

obtaining  a  superconducting  transition  temperature  above  90  K.  Again 
crystallization  occurs  at  a  low  temperature  of  300  °C.  However  for  the  Y-Ba-Cu-0 
film,  the  structure  formed  at  300  °C  was  not  the  correct  structure  for  observing 
high  temperature  superconductivity.  Further  annealing  this  film  at  temperatures  as 
high  as  850  °C  did  not  produce  the  correct  structure. 

In  conclusion  we  have  found  that  the  superconducting  ^NiF^type  structure 
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starts  forming  at  a  remarkably  low  temperature,  350  °C.  The  structure  starts 
forming  at  a  lower  temperature  than  LaO.  The  low  temperature  required  to 
activate  crystallization,  shows  that  the  activation  barrier  that  must  be  overcome  in 
going  from  the  noncrystalline  phase  to  the  structure  of  the  superconducting  phase  is 
very  low.  Considering  the  complexity  of  the  structure,  it  is  perhaps  surprising  that 
it  forms  at  such  a  low  temperature. 
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Figure  Captions 


1.  X-ray  scans  of  the  film  after  annealing  for  15  minutes  at  the  temperatures 
indicated.  (See  the  text  for  a  more  complete  description  of  the  annealing 
procedure.)  The  peaks  corresponding  to  the  superconducting  F^NiF^type 

structure  have  been  identified  by  their  Miller  indices.  The  peaks  that  we  associate 
with  LaO  and  SrO  are  also  labeled. 

2.  Read  camera  photograph  taken  with  x-rays  from  a  Cu  tube  of  the  La-Sr-Cu-0 
film  after  it  had  been  annneal  at  600  C. 

3.  Variation  of  the  tetragonal  unit  cell  parameters,  a  (upper)  and  c(lower),  with 
annealing  temperature,  Ta.  The  straight  lines  represent  linear  fits  to  the  data. 
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Abstract 

A  new  technique  for  plasaa  spray  processing  high 
temperature  superconducting  oxides  is  discussed.  Powdered 
superconducting  material  is  fed  into  the  plasma  flame  and  can  be 
deposited  onto  suitably  prepared  substrates.  A  post-spray 
anneal  yields  coatings  with  transition  temperatures  above  the 
boiling  point  of  liquid  nitrogen. 

Introduction 

Superconductivity  above  30  K  was  reported  by  Bednorz 
and  Muller  in  the  La-Ba-Cu-0  system  Cl J.  Subsequently,  Mu  and 
co-workers  announced  the  discovery  of  a  93  K  transition 
temperature  in  the  closely  related  Y-Ba-Cu-O  system  C23.  Cava 
et.  al.  identified  the  superconducting  phase  as  a  layered, 
orthorhombic  perovskite  with  stoichiometry  YBasCu90M  where  x  is 
around  6.9  £33 .  Other  work  indicated  that  the  critical  fields 
associated  with  these  new  metallic  oxide  superconductors  were 
very  high  £43.  With  the  announcement  of  critical  temperatures 
above  the  boiling  point  of  liquid  nitrogen  at  77  K,  the  need  to 
develop  technologies  capable  of  processing  these  brittle 
ceramics  into  commercially  usable  forms  became  apparent.  This 


latter  presents  the  results  of  e  study  in  which  plesea  spraying 
Mas  used  to  produce  superconducting  coatings  of  Y-Ba-Cu-O. 
These  plasea  sprayed  coatings  offer  the  advantages  of  high 
density,  which  will  lead  to  the  ability  to  carry  high  currents} 
high  Mechanical  strength  and  durability}  applicability  to  a  wide 
range  of  substrate  Materials;  and  flexibility  in  spraying  a 
large  range  of  geometries  and  thicknesses. 

Experimental  Procedure 

The  powder  for  plasma  spraying  was  prepared  by  mixing 
high  purity  YatO*,  BaCO*,  and  CuO  in  the  correct  ratios  and 
reacting  the  Mixture  in  a  fashion  sinilar  to  those  described 
elsewhere  T3,4].  The  reaction  yielded  a  hard,  brittle,  and 
black  material  which  was  reduced  to  powder  by  grinding. 

The  substrates  selected  for  mprAyinq  were  steel 
rectangles  12  ma  x  SI  mm  x  3  am  thick.  The  coupons  were 
degreased  and  grit  blasted  with  coarse  SiC  and  then  bond  coated 
with  a  0.13  mm  thick  layer  of  NiCrAlY.  The  coupons  were  mounted 
on  a  carousel  for  spraying  the  superconducting  powder. 

The  powder  was  fed  into  the  plasma  flame  and  was 
deposited  onto  the  substrates.  During  the  spraying  process,  the 
plasma  gun  moved  slowly  up  and  down  in  front  of  the  rapidly 
spinning  carousel.  The  deposited  coatings  were  uniform,  0.13  ma 
thick,  black,  and  essentially  non-conducting. 

After  spraying,  the  coupons  were  heat  treated  to 
restore  the  superconducting  properties  of  the  sprayed  material. 
Temperatures  as  low  as  600  C  and  as  high  as  1100  C  were  used  for 
times  as  short  as  5  minutes  and  as  long  as  60  hours. 


Results  and  Discussion 

Figure  1  shows  a  typical  x-ray  diffraction  pattarn 
fro*  an  as-sprayod  Y-Ba-Cu-0  coating.  Mots  tha  prasanca  of  a 
broad  paak  axtanding  fro*  28  to  35  in  2  ,  indicating  that  tha 
coating  contains  highly  distorted,  poorly  crystallized  aatarial. 
Such  broad  maxiaa  are  commonly  observed  in  plasma  sprayed 
coatings  and  result  fro*  tha  rapid  solidification  (as  high  as 
10*  dagraas/sac)  of  tha  aoltan  droplets  on  tha  cold  substrata. 
The  as-sprayed  coating  is  not  superconducting. 

In  order  to  recover  the  superconducting  properties  of 
the  Y-Ba-Cu-0,  the  coating  must  be  annealed.  Figure  2  is  an  x- 
ray  diffraction  pattern  taken  after  a  five  minute  exposure  at 
950  C  followed  by  an  air  quench.  The  pattern  shows  that  the 
Bragg  peak  intensities  have  increased  considerably  as  compared 
with  Figure  1  and  that  the  broad  maximum  is  gone.  These  results 
show  that  the  coating  has  recrystal  1  ized  into  the 
superconducting  crystal  structure.  Closer  examination  of  the  x- 
ray  diffraction  data  shows  that  the  crystal  structure  is  not 
tetragonal,  but  rather  that  there  is  an  orthorhombic  distortion 
in  the  crystal  which  grows  larger  with  longer  annealing  times. 
This  result  can  be  explained  by  the  diffusion  of  oxygen  fro*  the 
air  into  preferential  sites  in  the  copper  oxygen  planes  of  the 
layered  perovskite  structure.  Work  by  Skelton  et.  al .  showed 
that  larger  distortions  gave  rise  to  sharper  transitions  at 
higher  temperatures  CD]. 

The  annealing  temperature  has  been  found  to  be 
critical  to  the  recovery  process.  X-ray  patterns  taken  from 
samples  annealed  at  600  C  show  that  the  amount  of 
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superconducting  phase  continually  decreases  with  ties  and  that 


BaCO*,  Y*0»,  and  CuO  appear  and  grow. 


ibly  the  bariue 


reacts  with  CO*  in  the  air  to  fore  the  carbonate. 


teeperatures  above  about  1000  C,  the  superconducting  phase  is 
observed  to  disappear.  After  even  short  exposures  to  these  high 
teeperatures,  the  superconducting  phase  is  replaced  by  several 
prv.vly  identified  phases.  In.  the  teeperature  range  froe  850  C 
to  1000  C,  the  coatings  recrystallise  into  the  proper  structure. 

Figure  3  is  a  resistance  versus  teeperature  plot  for 


o' 


one  of  the  heat  treated  coatings. 


The  data  was  taken  using  a 


a  : 


standard  4  point  ac  resistance  probe.  The  coating  shows  a  two 
degree  wide  transition  which  is  complete  by  86  K.  Magnetic 
susceptibility  measurements  have  not  been  made  on  this  coating, 
but  a  measurement  done  on  the  feedstock  powder  exhibits  a  broad 
transition  indicating  the  presence  of  diamagnetic  material. 

Conclusions 

It  has  been  found  that  plasma  spray  processing  can  be 
used  to  fabricate  superconducting  coatings.  The  as-sprayed 
coatings  are  not  superconducting,  but  a  post-spray  anneal  in  the 
appropriate  temperature  range  can  restore  or  improve  the 
superconducting  properties  of  the  original  material:.  Because  of 
the  highly  flexible  nature  of  the  spraying  system,  virtually  any 
substrate  material  which  can  survive  the  post-spray  heat 
treatment,  and  a  wide  range  of  substrate  geometries  can  be  given 
a  superconducting  coating.  The  plasma  spray  approach  has  many 
potential  applications  including  the  fabrication  of  high 
strength  superconducting  magnets,  coatings  for  the  electronics 
industry,  and  superconductor  coated  wires. 
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Abstract 


Coatings  of  Y-Ba-Cu-oxide  superconductors  have  been  produced  by 
plasma  spraying  the  reacted  powders.  The  spraying  process  disrupts  both 
the  structural  and  the  electrical  properties  of  the  material,  however  the 
desired  properties  can  be  restored  by  heat  treatment.  Short  times  (5  to  20 
min.)  at  high  temperatures  (900*  to  1000*  C)  produce  coatings  which  are 
predominantly  the  desired  YBa2Cu  307-phase  and  exhibit  on-set  of 


superconductivity  above  80  K.  Details  of  the  effects  of  heat  treatment  on 
the  structural,  electrical,  and  chemical  properties  are  reported. 


I.  Introduction 

The  discovery  of  superconductivity  in  La-Ba-Cu-oxides  at 
temperatures  in  excess  of  30  K  [1]  and  in  Y-Ba-Cu-oxides  at  temperatures 
in  excess  of  90  K  [2]  has  spawned  a  flurry  of  research  directed  toward 
these  materials.  The  preparation  procedures  used  to  produce  most  of  the 
samples  used  for  this  work  involve  reaction  of  appropriate  combinations 
of  the  metal  oxides  at  sufficiently  high  temperatures  in  a  series  of 
heating  and  grinding  operations  yielding  brittle  pellets.  An  alternative 
method  which  can  be  used  to  prepare  these  superconductors  is  by 
injecting  the  reacted  powder  directly  into  a  plasma  flame  and  spraying 
onto  a  suitable  surface.[3]  One  advantage  of  this  method  is  that  it  can  be 
used  on  a  variety  of  surfaces,  regardless  of  their  texture  and  shape. 


II.  Sample  Preparation 

The  feedstock  powder  for  plasma  spraying  was  prepared  by  mixing 
high  purity  Y203,  BaC03,  and  CuO  in  the  correct  ratios.  The  powders  were 

mixed  in  a  ball  mill  with  methanol  as  a  mixing  fluid  and  reacted  above 
900*  C  for  several  hours.  The  hard,  black,  brittle  material  thus  formed, 
which  was  not  necessarily  superconducting,  was  re-ground  and  sized  to 
form  powder  suitable  for  the  spray  feeders. 

Substrates  were  12  mm  x  51  mm  x  3  mm  steel  rectangles.  The 
substrates  were  degreased,  grit-blasted,  and  sprayed  with  a  1  mm  thick 
coating  of  spinel  (AI2O3  +  MgO).  The  Y-Ba-Cu-oxide  powder  described 

above  was  then  deposited  approximately  0.13  mm  thick  over  the  white 
spinel  substrate.  The  deposited  coatings  were  uniform,  black,  physically 
durable,  and  essentially  non-conducting. 

At  this  point,  several  heat  treatments  were  used  to  restore  the 


superconducting  properties.  This  paper  gives  comprehensive  data  on  the 
effects  of  some  of  these  treatments.  In  particular,  treatment  at  950*  C 
for  various  times  was  carefully  studied.  Lower  temperatures  caused  the 
coatings  to  break  down  into  simple  oxides  of  the  elemental  metals.  Higher 
temperatures  caused  melting  and/or  paratectic  reactions. 


III.  Sample  Characterization 
A.  Structural 

All  of  the  samples  were  measured  on  a  computer  controlled 
diffractometer  using  filtered  radiation  from  a  Cu  x-ray  tube.  Diffraction 
spectra  from  three  samples  are  shown  in  Fig.  1:  one  as-sprayed,  i.e., 
without  any  annealing,  one  after  20  min  at  950*  C  in  air,  and  the  third 
after  annealing  at  890*  C  in  02  for  16  hours.  The  desired  YBa2Cu307-phase 

is  present  and  the  dominant  component  in  all  samples.  Excellent 
agreement  is  obtained  between  the  measured  peak  positions  and 
intensities  for  this  phase  with  those  calculated  on  the  basis  of  the 
crystal  structure  as  determined  by  Rhyne  et  al.  from  neutron  diffraction 
data.[4]  Additional  diffraction  peaks  present  in  all  spectra  can  be  largely 
associated  with  the  compound  0aCuO2  [JCPCS  card  #30-123].  Peaks 

observed  near  31.6*  cannot  be  associated  with  either  of  these  phases,  but 
do  agree  with  the  strongest  peaks  in  both  the  Y2BaCu05  structure,  as 

determined  by  Michael  and  Reaveau  [5],  and  the  YBa3Cu2Ox-phase  recently 

proposed  by  Frase,  Liniger,  and  Clarke. [6]  We  cannot  distinguish  between 
these  phases  from  our  data.  We  also  note  that,  although  the  annealed 
phases  appear  to  be  stable,  the  presence  of  the  YBa2Cu307-structure  in 

the  as-sprayed  coating  tends  to  degrade  with  time,  concomitant  with  the 
growth  of  the  other  phases. 

It  is  clear  from  an  examination  of  the  diffraction  spectra  that  the 
relative  amounts  and  quality  of  the  YBa2Cu307-phase  are  enhanced  by 

increased  annealing  times,  up  to  about  20  min.  To  further  quantify  this, 
we  have  examined  the  relative  intensities  of  the  YBa2Cu307-phase 

(013,103,110)  peaks  and  the  BaCuO2-(600)  peaks  as  a  function  of  anneal 

time.  These  data  are  plotted  in  Fig.  2.  Clearly,  the  greatest  changes  are 
affected  during  the  first  20  min.,  as  evidenced  by  the  growth  of  the 


YBaoCugOy-peaks  and  the  decay  of  the  BaCuC^-peaks.  There  appears  to  be 
a  subsequent  increase  in  the  BaCu02 -phase  for  longer  anneals;  a 
corresponding  loss  of  the  YBa2Cu307-phase  is  uncertain. 

Contrary  to  expectations,  annealing  the  samples  does  not  appear 
to  have  any  effect  on  the  YBa2Cu307  orthorhombic  lattice.  The  unit  cell 

parameters  (a.b.c)  as  determined  from  30  to  35  diffraction  peaks  between 
40*  and  80*  for  each  of  the  samples  are  listed  in  Table  1.  To  within  the 
uncertainty  of  the  fits,  all  the  values  are  in  agreement,  indicating  that 
there  are  no  measurable  changes  in  the  lattice  dimensions  with  annealing. 
This  observation  may  be  in  conflict  with  an  orthorhombic-tetragonal 
transition  reported  by  Schuller  et  al.[7]  Based  on  high  temperature  x-ray 
diffraction  experiments,  Schuller  et  al.  find  that  at  about  750*  C,  the 
YBa2Cu307-phase  undergoes  an  orthorhombic-to-tetragonal  transition. 

This  is  presumed  to  arise  from  a  disordering  of  oxygen  atoms  on  the 
a.b-axes.  In  the  ordered,  orthorhombic  structure,  which  is  considered 
favorable  to  the  superconducting  properties,  the  (0,1/2,0)-sites  on  the 
b-axes  are  fully  occupied  by  oxygen  atoms  and  the  (1/2,0,0)-sites  on  the 
a-axes  are  vacant.  It  is  presumed  that  at  temperatures  above  750*  C,  a 
disordering  takes  place,  leading  to  the  orthorhombic-to-tetragonal 
transition.  Although  all  our  heat  treatments  were  at  temperatures  well 
above  this  and  the  samples  were  quenched,  we  did  not  see  any  evidence  of 
a  tetragonal  phase  for  YBa2Cu307. 

B.  Electrical 

The  temperature  dependence  of  the  electrical  resistance  of  all  the 
samples,  except  the  as-sprayed  sample,  was  measured  down  to  20  K.  All 
showed  an  initial  increase  in  resistance  as  the  temperature  dropped  to 
about  80  K.  At  this  point,  the  resistance  began  to  decrease;  for  2  to  5  min. 
anneal  times,  this  decrease  extended  indefinitely,  with  the  resistance 
never  reaching  zero.  For  the  10,  20,  and  49  min.  anneal  times,  the  samples 
became  superconducting  at  various  temperatures.  The  20  min.  sample  had 
the  highest  onset  and  the  narrowest  transition,  as  well  as  the  lowest  room 
temperature  resistance.  The  sample  annealed  for  85  min.  was  not 
superconducting  and  showed  a  double  transition.  The  temperature 
dependence  of  resistance  for  the  20  min.  and  85  min.  samples  is  shown  in 
Fig.  3.  The  onset,  as  determined  by  a  change  in  sign  of  the  slope,  and  width 
of  the  transitions,  and  the  room-temperature  resistance  are  given  in  Table 
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C.  Chemical  and  Microstructure 

Bulk  compositions  measured  by  x-ray  fluorescence  showed  some 
deviation  from  the  YBa2Cu  3 -stoichiometry  by  a  few  atomic  percent.  This 

effect  was  observed  in  the  feedstock  powder  as  well  as  in  ail  the  sprayed 
coatings.  It  is  not  known  at  what  stage  the  composition  changes,  but  there 
is  no  evidence  that  spraying  or  annealing  has  any  effect  on  the  bulk 
stoichiometry. 

On  a  microscopic  scale  however,  many  things  are  happening.  The 
as-sprayed  coating  shows  several  chemical  phases,  with  the  desired 
YBa2Cu307~phase  being  the  most  abundant.  The  composition  of  other 

areas  implies  BaCu02  and  Y2BaCu05,  in  agreement  with  both  the  x-ray 

diffraction  results  and  predictions  based  on  the  phase  diagram  of  Schuller 
et  al..[7]  A  backscatter  electron  micrograph  of  the  as-sprayed  sample  is 
shown  in  Fig.  4,  revealing  contrasting  regions  of  different  composition. 

As  little  as  5  min.  of  annealing  time  produces  a  sample  which 
shows  little  of  these  compositional  variations  and  is  predominantly  the 
desired  YBa2Cu3()7-phase.  Figure  5  shows  a  similar  backscatter  electron 

image  of  the  sample  annealed  for  20  min.,  exhibiting  relatively  little 
contrast  and  a  good  uniformity  of  composition.  The  series  from  5  to  49 
min.  shows  very  little  change  with  time. 

It  is  noted  that  the  electron  microprobe  images  indicate  the 
presence  of  cracks  in  the  coating.  These  cracks  are  more  easily  visible  in 
the  SEM  pictures,  and  form  either  during  annealing  or  during  cooling.  (The 
samples  were  allowed  to  cool  in  air  after  removal  from  the  hot  furnace.) 
Cross-section  images  of  the  samples  broken  in  half  show  the  cracks 
extending  through  the  entire  coating,  although  this  may  be  an  effect  of  the 
stress  induced  in  breaking  the  sample.  These  samples  show  no  significant 
compositional  changes  with  depth. 

IV.  Discussion  and  Conclusions 

The  plasma-spraying  process  disrupts  the  structure  of  the 
Y-Ba-Cu-oxide  superconducting  powder,  but  the  structure  can  be  recovered 
and  even  improved  by  appropriate  heat  treatment.  The  disruption  takes  the 
form  of  both  amorphizing  the  crystal  structure  and  forming  grains  of  other 
phases,  particularly  BaCu02. 

Relatively  short  times  at  high  temperature  are  required  to  produce 
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coatings  which  are  predominantly  the  YBa2Cu307-phase  in  the 

orthorhombic  structure.  This  structure  seems  to  form  immediately, 
without  any  evidence  of  a  tetragonal  intermediate  or  any  slow  cooling 
necessary.  The  coatings  have  uniform  composition,  are  durable  both  with 
respect  to  time  and  physical  abuse,  and  show  high  superconducting  onset 
temperatures.  At  present,  their  resistance  still  shows  activated  behavior 
below  room  temperature,  as  well  as  broad  superconducting  transitions. 
The  physical  morphology  of  the  coatings,  especially  cracks,  may  be 
responsible,  in  part.  Slight  errors  in  the  stoichiometry  also  may  play  a 
role.  Future  research  will  be  aimed  at  correcting  these  problems. 
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VII.  Figure  Captions 

Fig.  1:  X-ray  diffraction  spectra  of  the  as-sprayed  coating  (bottom 
curve),  after  20  min.  anneal  at  950*  C  (middle  curve),  and  after  16  hr. 
anneal  at  890*  C  (top  curve).  The  Miller  indices  correspond  to  the 
structure  of  the  YBa2Cu307-phase  as  reported  in  Ref.  [4]. 
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Fig.  2:  Fractional  intensities  of  the  YBa2Cu30 7-phase 
(130,310,1 10)-diffraction  peaks  and  the  BaCU02*phase  (600)-diffraction 
peaks  as  a  function  of  anneal  time. 

Fg.  3:  Temperature  dependence  of  the  resistance  of  the 
plasma-sprayed  coatings  after  annealing  at  950*  C  for  20  min.  and  for  85 
min.  Note  the  negative  coefficient  between  room  temperature  and  80  K. 
The  sample  annealed  for  20  min.  shows  the  best  superconducting 
transition,  while  the  85  min.  sample  is  not  a  superconductor  above  20  K. 

Fig.  4a:  Backscatter  electron  micrograph  of  the  as-sprayed 
coating  with  the  electron  microprobe  set  for  a  magnification  of  800X.  The 
contrasting  regions  are  indicative  of  different  compositions. 

Fig.  4b:  Backscatter  electron  micrograph  of  the  sample  annealed 
for  20  min.  at  950*  C.  The  desired  YBa2Cu30 7-phase  predominates  with 

very  little  evidence  of  regions  with  altered  composition.  Some  cracking  is 
evident  and  is  more  pronounced  in  SEM  images. 
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Abstract 

Ultraviolet  phocoelectron  spectra  of  a  93  K  superconducting  compound,  YBtjCujOy  have 

been  obtained  using  photon  energies  ranging  from  25  to  180  eV.  Resonant  photoemission  is 
used  to  identify  the  chemical  origin  of  the  features  in  the  valence  bend  electronic  structure. 
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Recent  developments  m  the  production  of  high  T^jupcrconductors  have  spurred  the  rapid 

development  of  theories  of  the  geometric  tad  electronic  structnre  of  these  compounds.  A 
number  of  theoretical  calculations  of  tbe  band  structures  of  La-Ba-Cu-O  have  been  produced 
and  studied  in  an  effort  to  understand  the  nature  of  tbe  superconducting  process.1  These 
calculations  have  not  been  supported  by  direct  measurements  of  the  band  structures,  however. 
With  the  production  of  die  series  of  Y-Ba-Cu-O  materials  and  their  critical  temperatures  above 

77  K,  measurements  of  die  electronic  structures  below  Tc  have  become  experimentally  more 

tractable.^  An  essential  component  of  the  interactions  that  produce  the  superconductivity  is  die 
electronic  structure  yet  measurements  of  this  structure  have  not  been  maA» 

In  this  letter,  we  report  the  first  measurements  of  the  electronic  structure  of  YB^Ci^Oy 

using  synchrotron  radiation  in  the  range  25*180  eV.  In  this  photon  energy  range,  we  are  able 
to  use  resonant  photoemission  in  order  to  assist  in  the  chemical  identification  of  the  Cu  and  Ba 
features  observed  in  the  valence  band  spectra. 

The  samples  of  YBa2Cu3<>7  were  prepared  by  mixing  oxides  and  carbonates  erf  the  metils 
in  the  appropriate  atomic  ratios,  and  calcining  in  air.  The  samples  were  pressed  into  pellets  and 
sintered  in  air  and  02-  The  structure  is  that  determined  by  Beech  et  aL^  Four-point  a.c. 

resistance  measurements  show  a  sharp  drop  in  the  resistance  at  93K  and  zero  resistance  is 
attained  at  91 1C  Neutronscauaing  measurements  are  currently  being  perfofTiitxfarNRL  and 

NBS  to  determine  in  detail  the  crystal  structure, - 

The  photoemission  measurements  were  made  using  the  National  Bureau  of  Standards 
SURF-Q  Synchrotron  Light  Source,  a  toroidal  grating  monochromator  and  a  double-pass 
cylindrical  mirror  analyzer  (CMA).  Base  pressures  were  -  lx  10*  ^  Torr.  The  sample  normal 
was  at  an  angle  of  45°  to  both  the  photon  beam  and  the  axis  of  the  analyzer,  the  spectra  obtained 

are  angle  integrated  Calculated  photon  resolution  is  350  meV  at  h\>=60  eV.  The  CMA  was 
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operated  with  a  constant  pass  energy  giving  t  constant  resolution  of 240  meV;  the  dm  are 
presented  unoocrected  for  CMA  transmission.  Samses  were  mounted  on  a  liquid  nitrogen 
cooled  fwntpiii>tnr  using  Ts  foil  and  soldered  into  an  A1  ring  with  In  in  order  to  produce  good 
thermal  contact  The  temperatures  were  measured  with  a  W-5%Re,  W-26%Re  thermocouple 
imbedded  in  the  In.  The  surfaces  were  prepared  in  ultra-high  vacuum  (UHV)  by  fracturing  the 
microcrystalline  needles  with  a  stainless  steel  blade.  Measurements  were  made  on  two  separate 
batches  of  oxide  superconductor.  Spectra  from  both  samples  showed  the  same  features  at 
identical  binding  energies,  however,  the  sample  that  had  been  sintered  longer  showed  sharper 
peaks. 

Figure  1  shows  a  survey  of  ultraviolet  photoelectron  spectra  from  the  first  sample  in  the 
photon  energy  range  60-104  eV  in  2  eV  increments.  At  a  photon  energy  of  60  eV  (top  curve), 
we  observe  primarily  two  valence  band  features  centered  at  5  eV  and  at  9.4  eV.  As  the  photon 
energy  is  increased,  the  9.4  eV  peak  is  enhanced  slightly  and  an  additional  feature  at  12.4  eV  is 
introduced.  This  peak  rises  to  a  maximum  at  a  photon  energy  near  74  eV  and  then  decays  in 
intensity,  along  with  a  portion  of  the  9.4  eV  feature.  With  increasing  photon  energy,  two 
additional  peaks  become  apparent,  centered  at  15.0  and  28.8  eV.  Over  die  photon  energy  range 
spanned  by  fig.  1 ,  several  low  energy  Auger  features  are  also  observed;  they  appear  at  constant 
kinetic  energy  or  at  2  eV  higher  binding  energy  in  successive  curves. 

Figure  2  shows,  in  more  detail,  photoemission  spectra  obtained  from  the  second  sample 

with  hu=74  and  94  eV,  resonant  energies  for  Cu  and  for  Ba,  respectively.  The  long  dashed 
curves  represent  an  approximation  to  the  secondary  electron  contribution  and  the  multiple 
features  observed  in  these  curves  are  fit  using  simple  Gaussian  lineshapes.  The  detailed  form 
of  the  secondary  background  does  not,  to  first  order,  affect  the  locations  or  widths  of  the 
features  but  it  can  influence  their  intensities.  Here,  we  are  primarily  interested  in  locating  the 
energies  of  these  features  and  this  decomposition  allows  a  better  estimation. 


The  primary  photoetoctron  feature,  located  immediately  below  Ep,  contains  at  least  two 

contributions  that  are  centered  at  2.3  and  4  J  eV.  These  states  are  identified  as  a  combination 
of  the  Cu  3d  and  O  2p  orbitals.  The  upper  edge  of  the  valence  band  nearly  coincides  with  the 

Fermi  level  and  the  density  of  states  at  Ep  is  small;  there  is  no  distinctive  edge.  This  valence 

band  is  not  observed  to  resonate  with  photon  energy.  The  other  O-related  feature  in  the 
binding  energy  region  shown  in  these  spectra  is  the  O  2s  level,  observed  with  a  low 
cross-section  at  20.1  eV. 

As  indicated  above,  the  intensities  of  several  of  the  photoemission  features  are  observed  to 
resonate  with  the  photon  energy.  This  resonant  enhancement  is  observed  both  for  Cu  3d 
satellites  and  for  Ba  5s  and  5p  levels.  The  Cu  satellite  resonant  enhancement  occurs  as  a  result 
of  an  interference  between  an  Auger  process  and  a  shake-up  effect^*)  This  enhancement 
occurs  at  a  photon  energy  of  74.2  eV  in  CuO  and  results  in  two  satellites  whose  apparent 
binding  energies  are  12.9  and  10.5  eV  with  respect  to  the  Fermi  level.  Cu  metal,  the 
enhancement  occurs  at  a  photon  energy  of  75.6  eV  and  results  in  two  satcl^tesat  14.6  and  12.0 

cV.4(b)  CuCg enhancement  occurs  at  76.5  eV  and  results  in  a  single  satellite  at  an  apparent 

binding  energy  of  15.3  eV.^) 

To  better  characterize  the  photon  energy  dependence  of  the  12.4  and  9.4  eV  satellites 
observed  here,  we  have  fit  these  features  with  Gaussian  peaks  as  shown  in  fig.  2  but  in  order 
to  use  consistent  secondary  electron  approximations,  a  "Shirley  method"  background  was 
used.^  This  gives  a  reasonable  approximation  to  the  form  of  the  secondary  background  for 

energies  near  Ep.  Figure  3  shows  the  photon  energy  dependence  of  the  two  Cu  satellites  over 

the  energies  where  resonance  is  expected.  Structure  in  the  curves  is  consistent  with  the 
precision  of  the  intensity  determinations.  The  enhancement  of  the  12.4  eV  feature  is  much 
stronger  than  for  the  9.4  eV  feature  however  the  latter  feature  is  likely  to  contain  overlapping 
contributions  from  this  satellite  and  a  multi-electron  feature  that  has  been  observed  in 


pbotoemission  frodn  metallic  Y.^  Both  of  these  satellites  are  strongly  enhanced  at  photon 
energies  near  74^eV.  Based  oo  these  observations,  we  assign  the  feature  at  12.4  eV  and  g 
portion  of  the  feature  at  9.4  eV  to  resonantly  enhanced  satellites  of  Cu  in  a  CuO-like  oxide.  At 
the  lowest  photon  energies,  the  majority  of  the  intensity  of  the  9.4  eV  feature  is  likely  to  be  doe 
»Y.«  f 

The  apparc^Tbinding  energies  of  the  satellites  in  the  oxide  superconductor  are  significantly 
lower  than  the  energies  of  the  CuO  satellites,  indicating  that  the  Ueff  for  the  Cu  cation  in  this 

material  is  smaller  than  that  of  CuO.  The  resonant  energy,  however  is  in  good  agreement  with 
that  of  CuO. 

When  the  photon  energy  exceeds  94  eV,  the  features  at  15.0  and  28.8  eV  are  observed  to 
be  resonantly  enhanced.  This  enhancement  may  be  due  to  an  interference  with  the  excitation  of 
the  Ba  4d  levels  (whose  binding  energies  are  91  and  93. 1  eV^)  and  the  two  peaks  are  identified 
as  Ba  5p  and  Ba  5s  levels,  respectively.  This  identification  is  confirmed  by  comparison  of 
these  valence  levels  with  x-ray  photoelectron  (XPS)  data  from  BaO.  There,  the  Ba  5s  has  a 
binding  energy  of  30.6  eV  and  the  Ba  5p  level  is  observed  at  15.2  eV,  essentially  in  agreement 
with  the  observations  made  here7  Also  observed  in  the  spectrum  shown  in  fig.  2(b)  is  a 
feature  located  at  an  apparent  binding  energy  of  37.6  eV  or  a  kinetic  energy  of  51.1  eV.  This  is 
identified  as  a  Ba  NOO  Auger  electrton  feature.  Table  1  presents  a  listing  of  the  energies  and 
identifications  of  the  valence  features  observed  in  this  study. 

Within  the  resolution  of  this  study,  there  is  no  evidence  for  valence  band  structural  changes 

associated  with  superconductivity  as  the  temperature  is  lowered  below  Tc .  In  these 
measurements,  the  lowest  temperatures  attained  were  88K.  There  are  other  effects  of  operating 
at  low  temperatures,  though,  especially  the  increased  sticking  probability  of  H2O.  Even  at 

1x10'^  Torr,  the  contamination  of  the  surface  due  to  H2O  adsorption  was  observed  over  time 
periods  as  short  as  30  minutes.  This  surface  contamination  is  observed  both  as  a  reduction  of 


the  intensity  of  the  2.3  eV  Cu/O  valence  band  and  in  the  introduction  of  the  t>2,  aj,  and  bj 
molecular  ortitals. 

In  conclusion,  we  have  measured  the  valence  electronic  structure  of  YI^G^Oj  above 

and  below  the  critical  temperature.  The  Cu/O  valence  band  edge  is  located  immediately  below 
the  Fermi  level;  a  sharp  Fermi  edge  was  not  observed.  The  features  observed  in  the  spectra 
have  been  identified  with  the  use  of  resonant  photoemission.  The  Cu  oxide  is  nmilar  to  CuO 

however  the  Ueff  is  lower,  as  indicated  by  the  lower  satellite  energies. 

t  Naval  Research  Laboratory  /  National  Research  Council  Postdoctoral  Associate 
ft  On  a  sabattical  leave  from  the  National  Science  Foundation, 
ttt  Office  of  Naval  Technology  post-doctoral  fellow. 

References 

1.  L.  F.  Mattheis,  Phys.  Rev.  Lett.  5&.  1028  (1987);  J.  Yu,  A.  J.  Freeman,  and  J.-H. 

Xu,  Phys.  Rev.  Lea  58.  1035  (1987);  J.  D  Jorgensen,  et.  al.,  Phys.  Rev.  Lea  58, 1024 
(1987). 

2.  M.  K.  Wu,  et.  al.,  Phys.  Rev.  Lea,  5JL  908  (1987). 

3.  S.  Beech,  S.  Mira  glia,  A.  San  torn,  and  R.  S.  Roth,  submitted. 

4(a).  M.  Iwan,  F.  J.  Himpsel,  and  D.  E.  Eastman,  Phys.  Rev.  Lea  4 2, 1829  (1979);  (b) 
M.  R.  Thuler,  R.  L.  Benbow,  and  Z.  Hurych,  Phys.  Rev.  B  2 669  (1982). 

5.  D.  A.  Shirley,  Phys.  Rev.  B  5,  4709  (9172). 

6.  S.  D.  Barrett  and  R.  G.  Jordan,  Daresbury  Laboratory  Preprint,  Feb.  1987. 

7.  R.  E.  Thomas,  A.  Shih,  and  G.  A.  Haas,  Surf.  Sri.  25,  239  (1978). 


Table  L 

Binding  energies  (±0.1  eV)  referenced  to  Ep  and  widths  (±0.2  eV)  of  electronic  energy 
levels  of  YBS3O12O7  superconductor 


Level 

Energy 

Earn 

Cu  3d/02p 

2.3 

2.0 

Cu3d/02p 

4.5 

3.0 

Y /Cu  sat 

9.4 

1.9 

Figure  Caption* 


1.  Ultraviolet  phoioemission  spectra  obtained  fromUHV  fractured  YBagC^Oy.  The  top 

cuzve  is  obtained  with  hu^O  eV  and  the  lower  curve  is  with  hu-104  eV;  successive 
curves  are  separated  by  photon  energy  increments  of  2  eV.  These  data  were  obtained 
from  the  first  sample.  The  spectra  obtained  from  the  second  sample  are  essentially 
identical 

2.  Photoemission  spectra  obtained  from  the  second  sample  for  photon  energies  of  74  and 
94  eV  (data  points  are  given  by  the  dots).  These  are  resonant  energies  for  Cu  and  Ba, 
respectively.  The  background  of  secondary  electrons  is  approximated  by  the  long 
dashed  curve  and  the  features  in  the  spectrum  are  decomposed  into  a  sum  of  Gaussian 
peaks  (short  dashed  curves).  The  sum  of  the  Gaussian  peaks  and  the  secondary 
background  give  the  solid  curve. 

3.  Intensities  of  the  9.4  and  12.4  eV  features  versus  photon  energy.  The  feature  at  9.4  eV 
contains  contributions  from  Y  and  from  a  Cu  3d  satellite.  The  12.4  cV  feature  is  due  to 
the  second  resonant  Cu  3d  satellite.  The  shapes  and  energy  locations  of  these  features 
are  consistent  with  previous  observations  for  the  resonant  behavior  of  CuO. 
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INTRODUCTION 

A  number  of  ceramic  compounds  including  TBa^Cu^O^  nave  been 
reported  to  superconduct  at  temperatures  in  excess  of  35K  [1-9). 
A  critical  feature  in  tne  processing  of  these  compounds  required 
to  obtain  good  superconductive  properties  appears  to  be  a  final 
annealing  stage  in  an  oxygen  containing  atmosphere  to  increase 
the  oxygen  content  of  the  materials  [10).  Without  the  oxygen 
anneal  step,  the  superconduct ing  transition  temperature  drops 
and  the  drop  in  the  temperature  versus  resistance  curve  becomes 
less  defined. 


To  aid  in  the  development  of  a  better  understanding  of  the 
electronic  structure  in  this  class  of  materials,  we  have 
examined  changes  in  the  electronic  density  of  states  for 
TBagC^Oj  with  oxygen  content  via  ultraviolet  photoelectron 
spec troscopy.  Samples  with  x  =  6.  95.  6.  5,  and  6.  05  were 
examined. 


Photoelectron  energy  distribution  curves  provide  a 
semi quant l tat ive  measure  of  the  density  of  occupied  electronic 
states  in  a  material.  They  differ  from  the  actual  density  of 
states  in  two  respects.  First,  the  photoionization 
cross  -  sect  ions  for  different  electronic  states  can  be  quite 
different,  and  their  dependence  on  photon  energy  can  be 
different  as  well.  For  the  copper  3d  and  oxygen  2p  levels  the 
photoionization  cross  sections  are  approximately  equal  at  a 
photon  energy  of  40eV  [it).  Secondly,  the  position  of  the  peaks 
in  a  photoelectron  energy  distribution  curve  may  be  shifted 
slightly  with  respect  to  the  actual  peaks  in  the  density  of 
states  due  to  interaction  of  the  photoelectron  with  the  hole  it 
leaves  behind. 

Our  determination  of  the  electron  density  of  states  in 
YBagC^O^  95  [12)  is  in  good  agreement  with  similar 
determinations  made  by  other  research  groups  [12-14).  The 


experimental  1 7  determined  electronic  density  of  states, 
however,  differs  from  the  calculated  valence  band  density  of 
states  (15-17),  both  in  terms  of  the  valence  band  width  and  in 
terms  of  the  peak  positions  relative  to  the  Fermi  level. 

Although  photoemission  is  a  surface  sensitive  technique, 
it  has  been  used  successfully  to  examine  the  bulk  electronic 
structures  of  a  large  variety  of  both  metallic  and 
semiconducting  compounds  (10). 


EXPERIMENTAL 

In  the  experiment  electrons  photoemitteded  from  the  sample 
were  energy  analyzed  by  a  double  pass  cylindrical  mirror 
electron  energy  analyzer.  The  source  of  the  photons  was  the 
SURF- I I  storage  ring.  The  energy  of  the  incident  light  was 
selected  by  a  toroidal  grating  monochromator  whose  energy  band 
width  at  0OeV  photon  energy  was  calculated  to  be  350meV.  At 
lower  energies  the  resolution  was  better,  at  higher  energies, 
worse.  Spectra  presented  below  have  been  normalized  to  the 
incident  light  flux  as  determined  by  a  calibrated  in  line 
tungsten  mesh  photodiode.  The  resolution  of  the  electron  energy 
analyzer  was  fixed  independent  of  the  photon  energy  at  240meV. 

The  TBa2Cu306<  95  sample  was  prepared  as  described  in 
reference  10.  Other  samples  prepared  in  the  same  batch  were 
characterized  by  X-ray  diffraction,  neutron  diffraction, 
resistance  versus  temperature  measurement  and  Meisner  effect 
[19].  Tc  was  determined  as  93K  with  a  2K  width.  The  sample  was 
found  to  have  an  orthorhombic  crystal  structure.  The  YBa2Cu305  5 
sample  was  prepared  in  the  same  way  as  the  93K  sample 
except  that  the  final  oxygen  anneal  step  was  omitted  [10, 20], 
Identical  samples  characterized  by  resistance  measurements  and 
x-ray  diffraction  were  found  to  have  transition  temperatures  of 
about  COE  with  a  tetragonal  crystal  structure.  The  YBagCh^Og  05 
sample  was  prepared  by  annealing  YBagC^Og,  5  in  flowing  argon 
at  750°C  for  15  hours.  Samples  prepared  by  an  identical 
procedure  were  found  by  neutron  diffractions  to  have  a 
tetragonal  crystal  structure  and  6.  05  oxygen  atoms  per  unit 
cell  [19].  Auger  analysis  verified  that  the  last  two  samples 
had  an  oxygen  content  ratio  of  approximately  6.5/6.05. 

Photoemission  measurements  were  conducted  in  UHV  at 
pressures  from  lxlO'10  to  3xi0-10  Torr.  Rectangular  samples 
were  cut  in  air  from  pellets  sintered  to  approximately  90Z 
density,  and  mounted  rigidly  in  indium  encased  in  an  aluminium 
holder.  Immediately  before  photoemission  measurements  were 
conducted,  the  samples  were  fractured  in  UHV  with  a  stainless 
steel  blade.  The  samples  were  positioned  so  that  the 
photoemit t ing  face  was  at  an  angle  of  45°  with  respect  to  both 
the  photon  beam  and  the  analyzer  axis.  Fermi  level 
determinations  were  made  on  the  basis  of  the  Fermi  edge 
observed  in  photoemission  spectra  from  a  sputtered  gold  foil 
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that  was  tn  electrical  contact  with  the  samples.  The  sample 
holder  was  mounted  on  a  liquid  nitrogen  cooled  manipulator. 
Temperatures  were  determined  using  a  W-5Z  Re  W-25Z  Re 
thermocouple  imbedded  in  the  sample  holder.  The  measurement s 
were  angle  integrated  throughout  the  Brillouin  zone  due  to  both 
the  large  acceptance  cone  of  the  CHA  and  the  polycrystal  1  me 
nature  of  the  sample.  Ho  evidence  for  radiation  induced  damage 
was  observed  in  our  experiments  for  any  of  these  samples. 
Spectra  taken  immediately  after  fracturing  the  sample  to  expose 
fresh  surface  appeared  identical  to  spectra  obtained  after 
periods  as  long  as  3.  5  hours.  This  corresponds  to  a  radiation 
dose  of  about  10*  photons/surf ace  atom  at  photon  energies  from 
30  to  ilOeV. 


RESULTS  AND  DISCUSSION 

Figure  l  shows  a  series  of  photoelectron  energy 
distribution  curves  collected  from  the  YBagCujO^  gj  sample  at 
photon  energies  from  50  to  lOfleV.  Different  features  are 
enhanced  at  different  photon  energies.  The  features  at  about  14 
and  29eV  below  the  Fermi  level  (Ep)  are  due  to  emission  from 
the  barium  5p  and  5s  levels,  and  are  enhanced  above  the  Ba  4d 
photolonlzat ion  threshold.  The  peak  at  12.  4eV  binding  energy 
prevalent  in  the  76eV  photon  energy  spectrum  is  assigned  to  a 
valence  band  satellite  feature  that  rescnants  at  the  copper  3p 
threshold.  Similar  resonance  satellites  have  been  observed  for 
CuO  and  CugO  [22].  The  binding  energy  of  the  satellite  feature 
and  the  photon  energy  for  which  it  is  most  intense  depend  upon 
the  charge  state  Of  copper.  The  binding  energy  and  photon 
energy  dependence  of  the  satellite  observed  here  are  most 
nearly  matched  by  CuO,  although  oxidation  states  other  than 
Cu*+  cannot  definitely  be  ruled  out  on  the  basis  of  our  data. 
The  features  that  appear  at  23  and  3 lev  in  the  60ev  photon 
energy  spectrum  and  at  24  and  27eV  in  the  64eV  photon  energy 
spectrum  are  due  to  the  barium  4d  core  level  excited  by  second 
order  light.  Above  70eV  photon  energy  the  intensity  of  second 
order  light  transmitted  by  the  monochromator  is  essentially 
zero.  The  features  at  20  and  24eV  binding  energy  visible 
particularly  in  the  low  energy  spectra  arise  from  the  oxygen  2s 
and  yttrium  4p  levels.  The  main  valence  band  photoemission 
feature  occurs  with  a  binding  energy  4.  5eV  below  the  Fermi 
level.  Two  smaller  peaks  with  binding  energies  of  9.4  and  2.  3eV 
also  occur.  Both  these  peaks  drop  more  rapidly  in  intensity 
than  the  4.  5eV  feature  with  increasing  photon  energy.  At  photon 
energies  of  approximately  40 eV,  the  photolonlzat ion 
cross- sect  ions  of  oxygen  and  copper  are  approximately  equal.  At 
photon  energies  below  40eV,  emission  from  predominantly  oxygen 
derived  levels  is  more  intense  than  from  levels  of 
predominantly  copper  character  [11].  At  photon  energies  above 
40eV,  emission  from  predominantly  copper  derived  levels  is  more 
intense  than  emission  from  oxygen  derived  levels.  This 
observation  together  with  the  behavior  of  the  spectra  in  figure 
l  suggests  a  greater  oxygen  contribution  for  the  levels  at  2.  3 
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Figure  1.  Photoelectron  energy  distribution  curves  from 
YBa2Cu306  95  at  photon  energies  from  50  to  lOSev. 

The  electron  binding  energies  are  measured  with  respect 
to  the  Fermi  energy  (O.OeV).  The  curves  have  been  offset 
vertically  for  clarity.  Photon  energies  were  SOeV  (top 
curve).  55.  60.  61.  68.  72.  76.  80.  81.  88.  92,  96.  lOO, 

101.  and  loaev  (bottom  curve) . 


and  9.  4eV  binding  energy  than  to  the  main  peak.  On  cooling  the 
931  superconductor  to  88K,  no  changes  in  the  valence  band 
photoemission  spectra  were  noted.  The  2.  3eV  peak  was 
particularly  sensitive  to  water  adsorption.  After  exposure  of 
the  sample  to  1  L  water  vapor  this  peak  was  significantly 
reduced  in  intensity. 

Figure  2  shows  photoemission  spectra  of  the  valence  band 
region  for  the  three  YBagC^Oj  samples  together  with  a  spectrum 
from  a  non- superconduct ing  LagCuO^  sample.  All  four  spectra 

show  the  main  peak  In  the  electron  energy  distribution  curves 
4. 5  to  5eV  below  the  Fermi  level.  This  peak  is  shifted  slightly 
toward  higher  binding  energies  in  the  oxygen  deficient 
compounds  and  in  LagCuO*.  The  feature  at  9.  4eV  binding  energy 
is  also  present  in  all  the  spectra  except  that  of  YBagC^Og.  q5» 
where  it  appears  to  be  shifted  to  8.  6eV  and  reduced  in 
intensity.  The  main  difference  between  the  931  superconductor 
and  other  compounds  is  the  presence  of  the  feature  at  2.  3ev 
binding  energy.  It  is  much  less  Intense  in  the  YBagCujOe,  5 
spectrum  where  it  appears  to  be  shifted  slightly  toward  higher 
binding  energy  (2.  6eV)  and  has  all  but  vanished  in  the 
YBagCujOg.  05  spectrum  (  See  figure  3).  Minor  shifts  in  the  o  2s, 
T  4p  and  Ba  5s  and  5p  levels  also  take  place  with  changes 
in  the  oxygen  concentrations.  These  shifts  may  be  due  to  a 
combination  of  changes  in  the  atomic  charge  states  and  changes 
in  the  hole  screening.  The  levels  of  binding  energies  are 
summarized  In  table  I. 

The  measurements  presented  here  provide  two  constraints  on 
theoretical  treatments  aimed  at  understanding  the  electronic 
structure  of  YBagC^O,.  (1)  The  presence  of  the  2.  3eV  feature 
in  spectra  from  the  931  compound  implies  a  higher  charge  carrier 
concentration  at  the  Fermi  level  In  this  compound  than  in  the 
related  lower  Tc  and  non- superconduct ive  compounds.  (2)  The 
oxygen-like  cross  sectional  dependence  of  the  2.  3eV  states 
implies  a  large  contribution  from  oxygen  toward  the  density  of 
states  near  the  Fermi  level  In  the  93*  compound.  In  agreement 
with  the  measurements,  calculations  by  Massidda  et.  al.  [16]  and 
Crakauer  et.  al.  [IT]  show  that  the  density  of  states  near  the 
Fermi  level  are  mainly  derived  from  the  oxygen  in  the  Cu-0 
chain.  More  significantly,  the  observed  2.  3eV  feature  is 
intense  in  the  orthorhombic  sample,  but  very  weak  or  absent  in 
the  tetragonal  samples.  The  X-ray  and  neutron  diffraction  data 
[10,19]  as  well  as  Cu-0  vibrational  spectra  [22]  indicated 
that  the  linear  Cu-0  chains  are  reo'/ved  by  the  orthorhombic 
to  tetragonal  phase  transition.  The  measurements  however 
disagree  with  the  calculations  in  terms  of  the  locations  of 
peaks  in  the  electronic  density  of  states  with  respect  to  the 
Fermi  level.  The  measured  levels  lie  roughly  2eV  further  below 
Ep  than  the  calculated  peaks.  Part  of  this  shift  may  be  due  to 
Interaction  between  the  photoemltted  electron  and  the  hole  it 


Table  i.  Comparison  of  electronic  binding  energies 
for  YI^Cu^O^  Compands  ( In  mils  of  eV ) 
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leaves  behind  In  the  final  state.  But,  further  invest lgat ions 
are  needed  to  determine  the  source  (or  sources)  of  this  shift. 


*  Rational  Research  Council  Postdoctoral  Fellow. 

* »  On  sabbatical  leave  from  the  Rational  Science 
Foundation. 

1,1  Office  of  Raval  Technology  Postdoctoral  Fellow. 


acknowledgment 

RLK  and  RLS  wish  to  acknowledge  support  from  the  United 
States  Office  of  Raval  Research.  One  of  the  authors  (AS) 
wishes  to  thank  his  daughter,  Tina,  for  typing  the  manuscript. 


REFERENCES 

1.  M.  Z.  Vu,  J.  R.  Ashburn,  C.  T.  Torn*.  P.  H.  Hor,  R.  L.  Heng, 

L.  Gao,  Z.  Huang,  Y.  Q.  Wang  and  C.  W.  Chu,  Fhys.  Rev. 

Lett.  50 : 908  (198T). 

2.  P.  H.  Grant,  S.  S.  P.  Parkin,  V.  T.  Lee,  E.  M.  Engier,  M.  L. 

Ramirez,  J.  E.  Vazquez,  G.  Llm,  R.  D.  Jacowitz  and  R.  L. 
Greene,  to  be  published  Phys.  Rev.  Lett.  (1987) 

3.  S.  Uchlda,  H.  Takagl,  X.  Kltazawa  and  S.  Tanaka,  Jpn.  J. 

Appl .  Phys.  Lett.  28:  LI  (1987). 

4.  C.  W.  Chu,  P.  H.  Hor,  R.  L.  Heng,  L.  Gao,  Z.  J.  Huang,  and 

Y.  Q.  Wang,  Phys.  Rev.  Lett.  58:405  (1987). 

5.  D.  U.  Gubser,  R.  A.  Hein,  S.  H.  Lawrence,  M.  S.  Osofsky,  D. 

J.  Schrodt,  L.  E.  Toth  and  S.  A.  Wolf,  Phys.  Rev.  B35: 
5350  (1987). 

6.  P.  H.  Hor,  R.  L.  Heng,  Y.  Q.  Wang,  L.  Gao,  Z.  J.  Huang,  J. 

Bechtold,  Z.  Forster  and  C.  W.  Chu,  Phys.  Rev.  Lett.  58: 
1891  (1987). 

7.  D.  W.  Hurphy,  S.  Sunshine,  R.  B.  VanDover,  R.  J.  Cava,  B. 

Batlogg,  S.  H.  Zhurak  and  L.  F.  Schneemeyer,  Phys.  Rev. 
Lett.  58:1888,  (1987). 

3.  D.  B.  Hltzl,  A.  F.  Harshall,  J.  Z.  Sun,  D.  J.  Webb,  M.  R. 

Beasley,  T.  H.  Geballe  and  A.  Kapitulnik  (submitted  to 
Phys.  Rev.  ) 

9.  Shiou-Jyh  Hwu,  S.  H.  Song,  J.  Thiel,  Z.  R.  Poeppe lme ler,  J. 

B.  Ketterson  and  A.  J.  Freeman,  Phys.  Rev.  B35:7ii9 
( 1987) . 

10.  L.  E.  Toth,  H.  Osofsky,  S.  A.  Wolf,  E.  F.  Skelton,  S.  B. 

Qadri,  W.  W.  Fuller,  D.  U.  Gubser,  J.  Wallace,  C.  S. 

Pande,  A.  Z.  Singh,  S.  Lawrence,  W.  T.  Elam,  B.  Bender, 

and  J.  R.  Spann,  submitted  to  Proceeding  of  Journal  of 
Chemistry,  the  American  Chemical  Society  meeting,  to  be 
held  in  Hew  Orlean,  Aug.  20,  1987. 

11.  J.  A.  Yarmoff,  D.  R.  Clarke,  W.  Drube,  U.  O.  Earlesson,  A. 

Taleb- Ibrahimi,  and  F.  J.  Himpsel,  private  communication. 


12.  R.  L.  Kurtz,  R.  L.  Stockbauer,  D.  Mueller,  A.  Shlh,  L.  E. 

Toth,  M.  Osofsky  and  S.  A.  Volf,  to  appear  in  Phys.  Rev. 
B.  ,  Rapid  Conmunicat  ion,  June  1,  1987. 

13.  P.  D.  Johnson  et.  al.  ,  to  appear  in  Phys.  Rev.  B,  Rapid 

communication,  June  1,  1987. 

14.  F.  C.  Brown,  T.  C.  Chiang,  T.  A.  Friedmann,  D.  A.  Ginsberg, 

G.  H.  Kwawer,  T.  Miller,  M.  G.  Mason,  submitted  for 
publ  lcat  ion. 

15.  L.  F.  Mattheiss  and  D.  R.  Hamann,  submitted  for 

publication. 

16.  S.  Massidda,  Jaejun  Yu,  A.  J.  Freeman,  D.  D.  Koelllng, 

Submitted  for  publication. 

17.  H.  Irakauer  and  W.  E.  Pickett,  Hoval  Mechanisms  of 

Superconductivity,  ed.  by  S.  A.  Volf  and  V.  Z.  Kresin, 
this  issue. 

18.  E.  V.  Plummer  and  V.  Eberhardt  in  "Angle-Resolved 

Photoemission  as  A  Tool  For  Study  of  Surfaces",  Advances 
in  Chemical  Physics  XLIX.533. 

19.  J.  J.  Rhyne,  J.  Gotaas,  F.  Beech,  L.  Toth,  S.  Lawrence,  M. 

Osofsky,  and  S.  A.  Wolf,  submitted  for  publication  in 
Phys.  Rev.  b.  Rapid  communication. 

20.  A.  M.  rinl,  U.  Geiser,  H-C.  I.  Kao,  K.  D.  Carlson,  H.  H. 

Wang,  H.  R.  Monaghan,  and  J.  M.  Williams,  submitted  for 
publication  in  Inorg.  Chem.  .  communication,  (1987). 

21.  M.  R.  Thuler,  R.  L.  Benbow  and  Z.  Hurych,  Phys.  Rev.  B26: 

669  (1982) 

22.  M.  Stavola,  D.  M.  Krol,  V.  Weber,  S.  A.  Sunshine,  A. 

Jayaraman,  G.  A.  KourouKlls,  R.  J.  Cava  and  E.  A. 

Rietman,  submitted  for  publication. 


OBSERVED  TRENDS  IN  THB  X-RAY  PHOTOBLBCTRON  AND  AUOBR 
SPBCTRA  OF  HIGH  TBMPBRATURB  SUPERCONDUCTORS 


vyy 


D.B.  Ramaker*,  N.H.  Turner*,  J.S.  Murday*, 
L.B.  Toth*,  and  M.  Osofsky* 

Naval  Research  Laboratory,  Washington,  DC  20375 


F.L.  Hutson* 


Chemistry  Department, 


George  Washington  University,  Washington,  DC  20052 


m 

&& 

(T_ /*.  r 

M*  *  *  M 

»  ,r,.r( 

/yy 

V.V.V 

vv. 

W 

VvV 
Vv< 


X-ray  photoelectron  spectra  and  Auger  electron  spectra  are 
reported  for  LatCuO«,  and  YBatCujO«  in  the  tetrahedral  and 
orthorhombic  crystal  structures;  they  are  compared  to  previously 
reported  data  for  Cu,  Cu*0,  and  CuO.  These  data  reveal  large 
electron-electron  interaction  effects.  The  magnitude  of  these 
interaction  effects  correlate  with  the  transition  temperatures  of 
the  superconducting  oxides. 
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The  recent  discoveries  of  superconductivity  above  30  K  in 
Lai-tBaiCuO«  [1]  and  above  90  K  in  a  mixed-phase  Y-Ba-Cu-0 
compound  [2]  (subsequently  shown  to  be  YBatCutOa-i  [3]),  have 
generated  a  great  interest  in  elucidating  the  electronic 
structure  of  these  materials.  The  high  transition  temperatures 
(Te)  and  the  lack  of  an  isotope  effect  [4]  have  suggested  that 
the  electron-phonon  interaction,  as  indicated  by  the  conventional 
Bardeen-Cooper-Schrief fer  (BCS)  mechanism  [5],  may  not  be 
dominant.  Rather  electron-electron  interactions,  such  as  in  the 
"resonanting  valence  bond"  (RVB)  mechanism,  may  dominate  [6]. 
Recent  band-structure  calculations  and  published  density-of- 
states  (DOS)  have  provided  great  insight  into  the  electronic 
structure  of  these  materials  [7,8].  However,  the  one-electron 
nature  of  the  band-structure  calculations  do  not  provide  much 
insight  as  to  the  nature  of  the  electron-electron  interactions. 

Auger  electron  spectroscopy  (AES)  is  unique  as  an 
experimental  tool  in  this  regard,  since  the  Auger  lineshape 
reflects  a  two-hole  (or  two-electron)  DOS  [9].  Certain  satellite 
features  in  x-ray  photoelectron  spectroscopy  (XPS)  also  reflect  a 
two-hole,  one-electron  final  state.  We  report  Cu  2pi/»  and  2p*/i 
(L*»)  XPS  and  Cu  LuW  AES  data  for  three  superconducting  (SC) 
materials  having  the  nominal  composition  LaiCuOa  (herein  call  the 
La  material),  and  YBaaCuiOa  with  the  tetrahedral  (123-t)  and 
orthorombic  (123-o)  crystal  structures.  We  compare  this  data 
with  previously  reported  data  [10]  for  Cu,  CuiO,  and  CuO  (herein 
called  non-SC  materials).  Briefly,  these  data  suggest  the 
following:  1)  the  covalency  of  the  Cu-0  bond  increases  in  the 


order  CuO  <  La  <  123-t  <  123-0  (i.e.  proportional  to  Te ) »  2)  the 
localized  nature  of  the  antibonding  Cu3d-02p  a*  band  decreases 
with  covalency,  and  3)  the  electron-electron  interaction  energy 
in  the  Cu3d-02p  c  bonding  band  decreases  with  covalency  (i.e. 
screening  increases). 

The  La,  123-t,  and  123-o  materials  were  prepared  from  the 
high-purity  powders  LasOs,  YtOi,  BaCO»,  CuO.  These  powders  were 
mixed  and  calcined  at  940*  C  for  3h  (with  an  intermediate 
mixing),  pressed  into  1.2  cm  diameter  pellets  and  sintered  for 
12h  at  940*  C  in  air,  reheated  to  900*  C  in  oxygen  for  3h,  and 
finally  slow  cooled  at  l*/min.  The  123-t  material  was  air 
quenched  from  900*  C  instead  of  slow  cooling.  Structures  were 
determined  by  x-ray  and  neutron  diffraction.  The  superconducting 
Te’s  were  determined  resistively.  Table  1  gives  the  temperature 
for  each  SC  material  at  which  the  resistance  begins  to  drop  with 
cooling,  and  the  temperature  at  which  the  resistance  drops  to 
zero.  The  La  material  exhibits  only  a  filamentary 
superconductivity  [11]  and  a  resistance  minimum  at  29  K.  Both 
the  AES  and  XPS  spectra  were  taken  with  A1  Ka  excitation  at  room 
temperature  with  a  Surface  Science  Laboratories  Model  SSX-100-03 
spectrometer  .  The  samples  were  scraped  with  a  diamond  tip 
within  five  minutes  of  insertion  into  vacuum.  XPS  indicates  that 
surface  adventitous  carbon  was  present,  but  this  is  not  expected 
to  alter  any  of  our  conclusions. 

Fig.  1  and  Table  1  show  the  XPS  data  comparisons.  Note  that 
large  satellites  are  present  in  the  Cu  Lti  XPS  spectra  except  for 
Cu  metal  and  Cu*0.  This  is  apparently  because  the  Cu  3d  band  is 


filled  in  these  two  aateriala  so  that  the  previously  identified 
3d  to  3d*  or  a  to  at  shakeup  process,  which  may  occur  upon  core 
excitation  in  CuO,  cannot  occur  [12].  Larsson  [12]  has 
summarized  the  satellites  observed  in  a  large  number  of  other 
systems  as  follows:  1)  spectra  with  atomic  ligands  typically 
have  one  satellite  peak  associated  with  Li  and  two  with  Lj,  2) 
the  satellite  intensity  is  strongest  if  the  ligands  are  highly 
electronegative  (i.e.  ionic  bonding),  3)  the  energy  separation 
between  satellite  and  main  peak  increases  with  electronegativity. 
Table  1  indicates  that  the  ionicity  of  the  Cu-0  bond  must 
decrease  (covalency  increase)  in  the  order  as  described  above. 

The  LijW  Auger  data  are  shown  on  the  left  in  Fig.  1.  Only 
the  lineshape  for  Cu  [10]  has  been  quantitatively  interpreted 
previously  [13,14].  The  Cu  lineshape  has  been  interpreted  within 
an  atomic  picture,  where  the  final  state  holes  are  assumed  to 
remain  on  the  atom  with  the  initial  core  hole.  The  main  feature 
at  918.8  and  a  smaller  feature  just  2.7  eV  higher  in  kinetic 
energy  arise  from  atomic  multiplets  within  the  principal  LjVV 
lineshape;  a  similar  main  feature  for  the  LiVV  lineshape  falls  at 
938.7  eV.  Satellite  features  identified  as  arising  from  the  LV- 
WV  process  lie  Just  to  the  left  of  the  principal  Lt  and  Li 
features  [13,14]. 

The  lineshapes  for  Cu*0  [10]  and  CuO  [10]  are  very  similar 
to  that  for  Cu ;  however  the  lineshapes  measured  in  this  work  for 
the  La  and  123  SCs  are  very  different.  There  are  two  reasons  for 
this.  First,  becasue  of  the  A1  Ka  x-ray  source  used  in  this 
work,  the  Auger  lineshapes  of  the  3  SCs  lie  on  top  of  a  large 


contribution  arising  froa  0  Is  (kinetic  energy  =  951  eV) 
photoelectrons  which  have  suffered  inelastic  loss  processes  on 
their  way  out  of  the  sample.  In  a  standard  procedure  [15]  for 
Auger  spectra,  we  deconvolved  the  entire  spectrum  (  0  Is  XPS  plus 
Cu  Auger  region)  with  a  backscattered  electron  spectrum  taken 
such  that  the  elastic  peak  had  the  same  energy  as  the  0  Is 
photoelectrons.  This  process  removes  most  of  the  XPS-loss 
contribution  as  well  as  the  Auger-loss  contribution  (this  latter 
contribution  is  present  also  in  the  Cu,  CutO  and  CuO  spectra). 

The  L»  portions  of  these  deconvolved  spectra  are  given  in  Fig.  2. 

Comparison  of  Figs.  1  and  2  reveals  that  the  relative  sizes 
of  the  satellite  and  principal  Auger  contributions  in  the  3  SCs 
are  very  different  from  those  for  the  3  non-SCs.  To  understand 
how  this  can  be  true,  we  need  to  itemize  those  processes  which 
can  create  the  initial  valence  hole  in  the  LV-WV  satellite.  The 
relative  total  core  ionization  cross-sections  under  Al  Ka  x-rays 
are  Li :Li :Lj  =  26:54:100  [13].  The  Li  and  Li  core  holes  may 
undergo  Coster-Kronig  (CK)  decay  (Li*L*V).  The  resultant  Lj 
core  hole  may  subsequently  Auger  decay,  and  because  of  the 
valence  hole,  this  results  in  the  satellite  contribution.  We 
assume  that  CK  decay  dominates  for  the  Li  core  level,  and  that 
the  level  degeneracy  dictates  the  relative  final  state 
populations  (i.e.  9  LiV  to  18  LjV)  [13,14).  The  relative 
intensities  of  the  L*VV  and  LiVV  contributions  in  the  Cu  Auger 
lineshape  are  approximately  L*:L*  =5:1  [13],  hence  we  allot  18 
to  the  L i VV  Auger  and  36  to  the  LiLiV  CK  process.  The 
theoretical  probablity  for  shakeoff  of  a  valence  electron  upon 
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"•udden"  creation  of  a  core  hole  in  a  Cu  atoa  haa  been  estimated 
to  be  around  10%  [16].  Since  thia  probability  ia  nearly 
independent  of  the  aolecular  environment  [17],  we  allot  10  to  the 
L»V-VW  satellite  froa  shakeoff.  The  total  8atellite 
contribution  ia  then  70%  of  the  principal  contribution  in  close 
agreement  with  experiment  for  the  non-SCa. 

Table  1  shows  that  the  relative  satellite  contribution  for 
the  3  SCs  is  very  much  larger.  This  cannot  arise  from  an 
increase  of  the  L»  CK  decay  since  the  experimental  L*VV:L»W 
intensity  ratio  in  the  SCs  is  similar  to  that  for  the  non-SCs. 
Another  possibility  is  that  some  of  the  principal  Auger  intensity 
goes  elsewhere,  for  example  at  higher  energy  just  below  the  LiVV 
lineshape.  We  do  see  some  contribution  here,  but  it  is  not  any 
bigger  than  that  seen  in  the  CuO  lineshape,  yet  CuO  does  not  show 
the  enhanced  satellite.  We  conclude  that  some  intensity  from  the 
principal  LiVV  contribution  must  be  transfered  to  the  satellite 
LiV-WV  contribution. 

The  transfer  of  principal  to  satellite  intensity  can  arise 
from  the  a  to  s*  shakeup  process  discussed  above.  Normally, 
shakeup  does  not  cause  a  satellite  Auger  contribution  since  the 
shakeup  electron  remains  localized  and  thus  the  shakeup-Auger 
final  state  still  contains  only  two  holes  (17).  However,  if  the 
s*  electron  should  propagate  away  before  the  core  hole  decay,  we 
then  have  a  local  three  hole  state,  as  in  the  shakeoff  process. 

We  suggests  that  the  increased  intensity  of  the  LjV-VW 
satellites  for  the  SCs  results  from  delocalization  of  the  a* 
shakeup  electron  before  the  Auger  decay.  This  does  not  happen  in 


CuO,  because  in  that  Material  the  <r*  orbital  on  the  aton  with  the 
core  and  valence  holes  drops  out  of  the  conduction  band  and 
becomes  a  localized  excitonic-like  state  with  a  binding  energy  of 
around  1.4  eV.  [18].  In  the  SCs  no  band  gap  exists  [7,8]; 
however,  evidence  for  a  3d*  resonance  does  appear  in  recent  x-ray 
absorption  spectra  for  the  La  material  [19].  Since  the  XPS 
satellite  decreases  (i.e.  decreasing  shakeup)  while  the  Auger 
satellite  increases  with  increasing  Tc  in  the  SCs,  not  all  of  the 
a*  shakeup  electrons  aust  escape  before  the  Auger  decay.  The 
escape  probability  aust  increase  with  covalent  character,  a  trend 
one  aight  expect  as  the  electrons  becoae  aore  delocalized.  Table 

1  gives  the  relative  amount  of  intensity  transfer,  from  principal 
line  to  satellite,  required  to  give  agreement  with  experiment. 

Finally  we  consider  the  spectral  feature  seen  in  Figs.  1  and 

2  between  the  Lj  and  L»  Auger  contributions .  This  very  small 
feature  for  Cu  has  been  interpreted  as  a  delocalized  band-like 
(as  opposed  to  the  atomic-like)  contribution  to  the  Auger 
lineshape  [13].  This  feature  has  increased  intensity  for  the 
remaining  oxide  materials,  suggesting  that  the  larger  intensity 
arises  when  one  of  the  final  Btate  holes  is  delocalized  onto  a 
neighboring  0  atoa  (i.e.  an  effective  two-center  Auger  final 
state,  but  not  necessarily  involving  a  two-center  Auger  process). 
Such  a  final  state  might  arise  when  the  a  Cu-0  bonding  band  is 
involved  in  the  Auger  decay.  Fig.  1  and  Table  I  show  that  the 
energy  of  this  two-center  feature  relative  to  the  Fermi  level 
(i.e.  Bie-Er)  decreases  with  increasing  covalency.  We  have 
modeled  this  contribution  in  Fig.  2  for  the  SCs  by  applying  the 
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Cini-Sawatzky  expression  [20]  to  the  self-fold  of  the  Cu  DOS  [7] 
with  an  effective  hole-hole  repulsion,  U.rf,  chosen  to  provide 
optimal  agreement  with  experiment.  Table  1  reveals  that  U,  m 
decreases  as  the  covalency  increases  (i.e.  as  Te  increases), 
consistent  with  the  increased  screening  of  the  Cu-0  valence  holes 
by  the  more  delocalized  electrons  in  the  covalent  systems. 

In  an  ionic  vs.  covalent  (i.e.  local  vs . non-local ) 
description  of  the  bonding,  we  have  shown  that  the  covalency  of 
the  Cu-0  bond  increases  with  Tc.  This  is  reflected  in  the 
intensity  and  energy  of  the  XPS  satellites,  in  the  intensity  of 
the  Auger  satellites,  and  in  the  effective  hole-hole  repulsion 
energies  reflected  in  the  "two-center"  Auger  contribution. 
Increased  covalency  usually  reflects  increased  interorbital 
overlap,  in  this  case  between  the  Cu  3d  and  O  2p  orbitals.  This 
increasing  3d-2p  overlap  is  consistent  with  the  decreasing 
interatomic  distances  (the  shortest  Cu-0  distance  is  1.95  A®  in 
CuO,  1.95  in  La  [21],  and  1.85  in  123-t  and  123-o  [1,3])  and  the 
decreasing  dimensional  character  of  the  Cu-0  lattice  (nominally 
3D  in  CuO,  2D  in  La  and  123-t,  and  both  2D  and  ID  in  123-o  [7,8]) 
in  the  higher  Te  SCs.  Increased  covalency  suggests  increased 
mobility  of  the  electron  pairs.  Electron-electron  interactions 
dominate  the  Auger  and  XPS  satellite  spectra  for  all  of  these 
materials,  and  these  interactions  may  play  a  significant  role  in 
the  electron  pair  binding  [6]. 

We  thank  D.U.  Gubser  for  providing  the  most  recent 
literature  supporting  this  work. 


TABLE  1  Summary  of  the  XPS  and  AES  data  for  the  six  materials  studied. 
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Figure  Captions 


Fig.  1  Comparison  of  the  previously  published  Cu  L**VV  Auger 
spectra  (left)  and  x-ray  photoelectron  spectra  (right) 
for  Cu,  CuiO,  CuO  [10]  with  those  obtained  in  this  work 
for  the  superconducting  materials  LaaCuOa  and  YBAaCuaO? 
in  the  tetrahedral  and  orthorhombic  crystal  structures 
(i.e.  the  La,  123-t,  and  123-o  materials).  The 
principal  components,  L*  and  La,  and  satellites  for 
each  case  are  indicated.  The  vertical  marks  indicate 
the  energy  of  the  La  Fermi  level,  Er,  and  the  "two- 
center"  feature,  E»c. 

Fig.  2  Comparison  of  the  Cu  L3VV  Auger  spectra  for  the  La, 
123-t,  and  123-0  superconducting  materials  after 
deconvoluting  out  the  inelastic  contributions  as 
described  in  the  text.  A  least  squares  fit  of  the  LaV- 
VVV  and  LaVV  components  [14]  for  Cu  metal  is  shown. 
Slight  relative  shifts  in  the  two  components  were 
required  to  obtain  optimal  fits.  Also  shown  is  a  self¬ 
fold  of  the  Cu  DOS  [7]  after  including  correlations 
effects  via  the  Cini-Sawatzky  expression  [20]  with  an 
optimal  U.ff  as  tabulated  in  Table  1. 
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IMPACT  OF  HIGH-TEMPERATURE  SUPERCONDUCTORS  ON  HIGH 
POWER.  MILLIMETER  WAVE  SOURCE  TECHNOLOGY 


Recent  discoveries  of  compounds  having  superconducting 
transition  temperatures  above  77K  has  led  to  the  distinct  possibility 
that  in  the  near  term  practical  liquid  N2  cooled  superconducting 
magnets  will  be  available.  The  advent  of  liquid  nitrogen  cooled 
superconducting  magnet  technology  will  have  an  immediate  impact  on 
high  power  mm-wave  source  technology.  The  main  problem  that  has 
faced  the  development  of  microwave/mm-wave  sources  employing 
conventional  liquid  He  cooled  superconducting  magnets  has  been  the 
coolant  cost  and/or  the  complexity  of  the  cyrogenic  system.  By 
combining  high  temperature  superconducting  technology  with 
advanced  cyrogenic  techniques  these  problems  will  be  eliminated. 
Using  present  cyrogenic  technology  it  should  be  possible  to  construct 
liquid  N2  cooled  magnets  which  remain  superconducting  for  months 
at  a  time  without  requiring  additional  coolant.  The  magnets  then 
function  as  tunable,  high  field,  permanent  magnets.  By  eliminating  the 
refrigeration  system  and  the  magnet  power  supply  this  would  be  the 
key  towards  extending  superconducting  technology  to  airborne 
applications. 

High  magnetic  fields  are  advantageous  for  the  operation  of  many 
advanced  mm-wave  devices.  MM-wave  devices  can  be  broken  down 
into  two  classes,  slow  wave  or  fast  wave,  depending  on  whether  the 
phase  velocity  of  the  EM  circuit  wave  is  less  than  or  greater  than  the 
speed  of  light  in  vacuum.  Conventional  slow  wave  devices  use  fragile 
periodic  rf  structures,  such  as  a  wire  helix  or  corrugated  metal  wall,  to 
slow  down  the  EM  wave.  At  mm-wave  frequencies  these  structures  are 
exceedingly  small,  on  the  order  of  a  free  space  wavelength. 
Furthermore  the  electron  beam  must  be  placed  very  close  to  the 
structure  for  a  strong  interaction.  The  main  problem  plaguing  high 
power  slow  wave  mm-wave  operation  is  heating  of  the  slow  wave 
structure  due  to  electron  beam  interception.  Better  focusing  of  the 
beam  is  required  therefore  for  high  power  mm-wave  operation.  The 
simplest  way  to  accomplish  this  is  to  increase  the  strength  of  the 
confining  magnetic  field.  Water  cooled  solenoids  arc  typically 
employed  in  conventional  power  tubes  requiring  strong  magnetic 
fields.  High  field  operation  .however,  results  in  excessive  ohmic 
heating  losses.  For  Naval  applications  where  prime  power  usage  is  key 
these  power  losses  can  be  unacceptable.  Successful  development  of 
liquid  N2  cooled  superconducting  magnets  would  eliminate  these 

problems.  This  technology  would  then  result  in  an  immediate  advance 
in  the  performance  of  high  power,  mm-wave  slow  wave  devices. 
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The  advent  of  high  temperature  superconducting  magnets  will 
make  many  advanced  fast  wave,  high  power,  mm-wave  devices 
attractive  for  Naval  applications.  Electron  cyclotron  maser 
devices(gyro-devices)  are  typically  operated  at  the  fundamental 
harmonic  where  the  gain,  bandwidth  and  efficiency  are  greatest.  High 
frequency  operation  at  the  fundamental  .however,  requires  very  strong 
magnetic  fields  (40kG  @  100GHz).  High  temperature  superconducting 
coils  could  make  high  field  gyrotron  operation  feasible  and  thereby 
extend  the  performance  of  gyro-devices  in  the  mm-wave  regime.  Free 
electron  lasers(ubitrons)  could  also  benefit  from  high  temperature 
superconducting  technology.  In  an  FEL  the  interaction  occurs  between 
an  electromagnetic  wave  and  an  electron  beam  undulating  in  a 
periodically  varying  magnetic  field.  The  strength  of  the  interaction 
depends  on  the  wiggler  magnetic  field  strength.  By  using  small  period, 
superconducting  wiggler  magnets  high  efficiency  moderate  voltage 
mm-wave  operation  becomes  possible.  Furthermore,  recent  studies 
have  shown  that  the  efficiency  and  bandwidth  of  the  free  electron 
laser  can  be  significantly  enhanced  by  applying  an  axial  magnetic 
guide  field.  High  field  strengths  are  typically  required  however  to 
access  the  high  efficiency  mode  of  operation.  Superconducting  coils 
are  therefore  required  for  the  practical  implementation  of  such  a 
device. 


by:  Carter  Armstrong 
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